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Since their isolation in pure form two decades ago, N-heterocyclic carbenes (NHCs) have risen to 
prominence as one of the most important classes of ligands in transition metal catalysts, and 
found widespread application as organocatalysts. This thesis describes a theoretical approach to a 
better understanding of these ligands, as well as experimental contributions to the development of 
group 10 complexes with electron-rich NHCs as well as sulfur- and nitrogen-functionalized 
NHCs, and the application of these complexes in a variety of catalytic reactions.  
Chapter 2 describes the study of the electronic structures of 14 N-heterocyclic carbene ligands 
derived from five-membered azoles with varying numbers of nitrogen atoms in the heterocycle 
by DFT calculations. After identifying key electronic parameters and their variation with 
molecular structures, the binding of these NCHs to early and late transition metal fragments is 
described in detail based on results from energy decomposition analyses and ETS-NOCV 
calculations. 
The first part of chapter 3 builds on previous research concerning ligand donor strength 
determinations by means of 13C NMR spectroscopy, and correlates the donor strengths of 
substituted pyrazoles with their nucleophilicities as estimated by their reactivities towards ethyl 
bromide, ethyl iodide and trimethyloxonium tetrafluoroborate. In the second part, the synthesis of 
pyrazolin-3-ylidene complexes of palladium(II) by means of oxidative addition and by silver 
carbene transfer is described. A small library of complexes with varying coligands was prepared, 
and the activity of these complexes in the direct arylation of pentafluorobenzene was studied. 
The fourth chapter is focused on indazolin-3-ylidene ligands and their coordination chemistry 
with palladium(II). Mixed NHC-phosphine complexes were prepared and their and catalytic 
applications for Sonogashira cross-couplings and the hydroamination of alkynes are described in 
this chapter. Additionaly, a library of indazolin-3-ylidene complexes bearing different pendant 
tertiary amine functionalities were prepared by post-functionalization of a common precursor 
complex. These complexes were used as precatalysts for the direct arylation of 1-methylpyrrole. 
Chapter 5 describes the synthesis of thioether-functionalized benzimidazolium salts, the 
coordination chemistry of the corresponding NHCs with platinum(II), palladium(II) and 
nickel(II), and applications of the resulting complexes in catalysis. Three distinct coordination 




exclusively observed in the solid state of the mono-NHC complexes, albeit evidence exists that 
other forms might exist in solution. The palladium(II) complexes show either the chelating κ2-C,S 
coordination mode, or dimeric species bridged in which the coordination sites of the ligand are 
bound to different metal centers. For nickel(II), homo-bis(NHC) complexes with pendant 
thioether functionalities were prepared. Platinum(II) complexes were found to be active catalysts 
for intermolecular hyroaminations and hydrosilylations, palladium(II) complexes catalyzed 
hydroaminations and direct arylations of 1-methylpyrrole, and nickel(II) complexes were used as 
precatalysts for the Suzuki-Miyaura coupling.  
Additionally, the coordination chemistry of structurally related C,S,C-pincer ligands with 
palladium(II) was studied computationally, and the interconversion between the pincer and 
pseudopincer forms was found to be correlated to the ligand donor strength of the ligands' NHC 
moieties. 
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Carbenes are neutral, divalent carbon species with six valence electrons. Besides their two 
covalent bonds, they possess two non-bonding electrons, which can either be of the same spin, 
resulting in a triplet state, or spin-paired, giving rise to a singlet state.1 The simplest carbene is 
thus methylene, and more complex carbenes can be formally derived from this system by 
replacing the hydrogen groups with more complex substituents. 
The resulting species R2C: can adopt either a linear or a bent geometry, which can be understood 
when considering the hybridization at the carbene centre. The linear geometry arises when 
bonding occurs using two sp-orbitals, leaving two energetically degenerate p orbitals (px and py) 
to accommodate the non-bonding electrons. In this case, the Pauli exclusion principle allows only 
the electron configuration px1py1, since the spin-pairing energy cannot be offset by a difference in 
orbital energies. Since both electrons have the same spin, the ground state of such a carbene is 



















Fig. 1.1. Geometry, orbital energies, and electronic configuration of carbenes. 
 
The altogether more common bent geometries arise from sp2-hybridization. In this case, the 
orbitals available to the unpaired electrons are no longer equal. Instead, there are a purely p 
orbital (pπ) and an sp2-orbital (σ). The σ orbital is lower in energy than the pπ orbital due to its 
partial s-character. Two distinct ground states are possible for bent carbenes ,depending on the 
energy gap between the σ and pπ orbitals. If the energy gap is too small to offset the spin-pairing 




σ2pπ0 is more stable and the ground state is a singlet state (Fig. 1.1). An energy difference of 2 eV 
is sufficient to stabilize the singlet state, while energy gaps between σ- and pπ-orbitals below 
1.5 eV are almost always indicative for a triplet ground state. 2  Other electronic states are 
theoretically possible, but these are energetically to unfavorable to be of importance. 
Steric and electronic factors influence the energy gap between the frontier orbitals. Where 
electronic effects are negligible, the steric bulk of the substituents at the carbene center is the 
governing factor. Bulky substituents enforce a more linear geometry which reduces the 
s character of the σ-orbital, favouring the triplet state. Bulky di-tert-butylcarbene has a larger than 
ususal CCC angle and is a triplet carbene, while dimethylcarbene is more bent and in a singlet 
ground state.3 
Inductive and mesomeric effects of the substituents have a stronger influence on the frontier 
orbital energy gap. The σ orbital can be stabilized inductively by electron-withdrawing 
substituents due to the resulting increase in s character. Since the energy of the pπ orbital is 
largely unaffected by these changes, an energetically lower σ orbital means a larger orbital 
energy gap. Conversely, electron-rich substituents destabilize the σ orbital, narrowing the orbital 
energy gap and favoring the triplet state.4 
Mesomeric effects can influence both the geometry and the electronics of the carbene, and 
generally favor singlet ground states.5 In the presence of π-accepting substituents, the degeneracy 
of the px and py orbitals in the linear state is broken, giving rise to a linear singlet carbene. On the 
other hand, the pπ orbital can be destabilized by receiving electron density from π-donating 
substituents, thereby increasing the orbital energy gap and stabilizing the singlet state. 
Depending on their ground state spin multiplicity, carbenes exhibit different properties and 
reactivity.6 The open-shell triplet carbenes are electrophiles and diradicals, and show insertion 
reactions, dimerizations, reactions with other radicals, or C-H and O-H cleavage. The closed-
shell singlet carbenes possess a σ lone pair which can act as a nucleophile, and an unoccupied pπ 
orbital acting as an electrophile. Consequently, the ability to act both as a Lewis acid and a Lewis 
base makes singlet carbenes ambiphiles. 
Due to their highly reactive nature, carbenes commonly occur as highly reactive intermediates in 
a variety of organic transformations such as the Simmons-Smith cyclopropanation or the carbene 
insertion into C-H and heteroatom-hydrogen bonds.7 ,8  However, for a long time attempts at 




substance. However, the stabilization of the σ orbital by electronegative substituents, and the 
destabilization of the pπ orbital by π-donors, have not only the effects of widening the singlet-
triplet gap as described above, but it also leads to a reduction of both the nucleophilicity and the 
electrophilicity of the (singlet) carbene. Consequently, substituents more electronegative than 
carbon, which also possess a lone pair available for π-donation can stabilize carbenes through a 
“push-pull” mechanism, i.e. pulling electron density from the carbene lone pair by a inductive 
effects, and pushing electron density into the unoccupied orbital through mesomeric effects.  
In 1960, Wanzlick came close to achieving the synthesis of a free carbene stabilized in this 
manner by thermolysis of 1,3-diphenyl-2-trichlormethylimidazolidine (1).9 The α-elimination of 
chloroform was correctly predicted to lead to the formation of carbene 2 – however, this reaction 






















Scheme 1.1. Elimination of chloroform to give free carbene, followed by dimerization. 
 
Such dimerization reactions are not uncommon for carbenes, and generally there exists a dynamic 
equilibrium between free carbenes and electron-rich olefins.10 In Wanzlick’s case however, it was 
later established that the equilibrium lies exclusively with 3.11 
Thus, it fell to Bertrand et al. to prepare the first free, heteroatom-stabilized carbene in 1988.12 
The photolytic or thermolytic decomposition of the phosphorus-substituted diazomethane 4 

















Despite their unprecedented stability, 5 and related compounds are neither readily available, nor 
particularly easy to handle. Carbene chemistry really started in earnest with the isolation of the 
first free N-heterocyclic carbene (NHC) by Arduengo and coworkers at DuPont. The synthesis of 
imidazoline-2-thiones by reaction of an in situ generated carbene with elemental sulfur was 
observed to proceed in good yields, despite the presence of air and moisture in the reactor. This 
observation signified an exceptionally high stability of the carbene intermediate, and building on 
this realization, an imidazioline-2-ylidene protected by two bulky adamantly substituents was 
prepared (Scheme 1.3). Indeed, the compound was found to be indefinitively stable, and could be 
studied by X-ray diffraction.13 
 
 
Scheme 1.3. Synthesis of the first stable free N-heterocyclic carbene. 
 
Carbene 7 is stabilized by various factors, including the steric shielding by the bulky wingtip 
substituents, the presence of two amino groups imparting “push-pull” stabilization, a cyclic 
system enforcing a bent geometry, and an aromatic 6 π-electron system in which the carbene pπ 























Subsequently, it was shown that not all of these factors were requisite and free NHCs could be 
synthesized lacking some of these features (Fig. 1.2).14 The presence of stabilizing heteroatom 
substituents is by far the most important factor. Nevertheless, it should be noted that unsaturated 
and benzanullated NCHs as well as acyclic diaminocarbenes require sterically bulky wingtip 
substituents to prevent dimerization, because of the reduction or absence of aromaticity in these 
compounds.15 
Carbene complexes were synthesized long before the isolation of 7. The coordination to a metal 
center prevents decomposition of the carbene by reaction with moisture or oxygen. An early 
example of a metal-templated carbene synthesis, though unrecognized at the time, was 
Tschugajeff’s synthesis of mono- and bis(carbene) complexes of platinum(II). The attack of 
hydrazine on metal-bound isocyanide yielded an acyclic diaminocarbene, but the correct structure 
was determined only half a century later.16 The first targeted synthesis of a carbene complex was 
achieved in 1964 by Fischer and Maasböl by nucleophilic attack of methyl lithium on a 
tungsten(0)-bound carbonyl ligand, followed by protonation and alkylation to give a 
methoxymethylcarbene ligand. 17  Ten years later, Schrock et al. reported the synthesis of a 
carbene complex of tantalum(IV), in which the carbene only bears hydrogen and alkyl 
substituents.18 Fischer’s and Schrock’s carbenes became the prototypes for two distinct classes of 



















Fig. 1.3. Fischer and Schrock carbenes. 
 
Fischer carbenes are singlet carbenes bearing at least one π-donating substituent at the carbene 
center. They are typically bound to middle to late transition metals in low oxidation states, which 




donation of the carbene lone pair to the metal center, and a π-backdonation from a filled metal 
orbital to the empty pπ orbital of the carbene. 
By contrast, Schrock carbenes are triplet carbenes, bound to early transition metals in high 
oxidation states, and the complexes typically incorporate π-donating ligands. The carbene is not 
stabilized by π-donors, but bears alkyl or hydrogen substituents. The bonding to the metal center 
can be thought of as an interaction between the singly occupied metal orbitals of the appropriate 
symmetry with the singly occupied σ and pπ orbitals of the carbene. 
N-heterocyclic carbenes are a subclass of Fischer carbenes, though they differ from most other 
Fischer carbenes due to their strong stabilization by π-donors. While they are exceptionally 
strong σ-donors, π-backdonation is weak, and the metal-carbon bond is better represented as a 
single instead of a double bond. 
The synthesis of NHC complexes followed shortly after the first reports of 12. In 1968, Öfele 
reported the synthesis of a chromium(0) NHC complex and Wanzlick succeeded in obtaining a 
mercury(II) bis(NHC) complex (Scheme 1.4).20 In both cases, the imidazolin-2-ylidene ligands 
wer generated by deprotonation of imidazolium cations by basic metal precursors – mercury(II) 
































Scheme 1.4. Öfele’s and Wanzlick’s NHC complex syntheses. 
 
A few years later, the Lappert group demonstrated that NHC complexes can indeed be obtained 
by cleavage of an electron-rich olefin, thus confirming that the equilibrium between such 




reaction between a chlorido-bridged platinum(II) dimer and the electron-rich olefin 18 formally 
derived from dimerization of 1,3-diphenylimidazolindin-2-ylidene yielded a mixed phosphine-
NHC complex when heated to reflux in xylene. 
 
Scheme 1.5. NHC complex synthesis by cleavage of an electron-rich olefin. 
 
From these humble beginnings, and especially since the isolation of the first infinitely stable free 
carbene, NHCs have become one of the most versatile and widely employed class of ligands in 
organometallic chemistry and catalysis,22 and in their free form they are well established as 
organocatalysts.23 Part of this success story is the remarkable ease with which free NHCs can be 
prepared from readily available azolium salts.24,25 The most common NHCs are imidazolin-2-
ylidenes (A), imidazolidin-2-ylidenes (B), benzimidazolin-2-ylidenes (C) and 1,2,4-triazolin-5-
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Fig. 1.4. The most common NHC backbones. 
 
Two major strategies are possible to obtain carbene precursor salts, both of which usually involve 
only air- and moisture-stable reagents. The desired salts can either be obtained by ring-closing 
reactions leading directly to cationic species, or by quarternization of a nitrogen atom in a 
suitable heterocycle. 
Symmetrically substituted imidazolium salts can be conveniently obtained by an acid-catalyzed 
three-component condensation reaction involving two equivalents of aromatic or aliphatic amine, 




synthesis of a 1,4-diazadiene first, followed by reaction with paraformaldehyde or another 
suitable C1 building block. 26  By reduction of the diazadiene prior to the ring-closing step, 
imidazolinium salts are also available using this approach. However, this approach is plagued by 
comparatively low yields and the formation of copious amounts of side products, which are 
tedious to remove. A more convenient approach to imidazolium salts was found in the 
replacement of the catalytic acid in the condensation step by trimethylsilychloride, leading to a 
marked increase in yields and product purity (Scheme 1.6).27 By contrast, imidazolinium salts are 
readily available from the condensation of formamidines with dichloroethane in the presence of 






































Scheme. 1.6. Synthesis of imidazolium and imidazolinium chlorides. 
 
For benzimidazolium salts and triazolium salts, successive alkylation reactions are more 
commonly used than cyclization reactions, since these azoles are more difficult to obtain from 
condensation reactions. A synthetic protocol for benzimidazolium salts bearing sterically bulky 
secondary alkyl substituents has been developed by Huynh et al. and involves a two step, one pot 
reaction sequence. 29  After being deprotonated by potassium carbonate, benzimidazole is 
alkylated by a large excess of isopropyl bromide (Scheme 1.7). A large excess of alkylating 
agent, as well as the addition in two portions, is required to counteract the loss of isopropyl 
bromide as propylene resulting from the base-induced elimination reaction. Similarly, 1,2,4-



























Scheme 1.7. Synthesis of azolium salts by quarternization. 
 
The flexibility of these approaches makes a wide variety of NHCs readily available, which can 
differ substantially in their electronic and steric properties, as well as their reactivities.31 An 
example of reactivity differences is the tendency to dimerize, which is pronounced for 
imidazolidin-2-ylidenes, less pronounced for benzimidazolin-2-ylidenes, and basically 
nonexistent for imidazolin-2-ylidenes and 1,2,4-triazolin-5-ylidenes, and closely related to the 
degree of aromatic delocalization in azole.15 
Modifying the electronic properties of NHCs is of great interest for their application in catalysis, 
and marked changes in their donating abilities can be achieved by modifications of the NHC 
backbone. 32  The incorporation of electron-withdrawing or –donating substituents in the 
backbone,33 the incorporation of additional hteroatoms or heteroatoms other than nitrogen into 
the azole ring,34 and even different sizes of the heterocycle are among the various possibilities.35 
A more detailed discussion of how some of these modifications influence the electronic structure 
of carbenes and how these changes influence the metal-carbon bond is presented in chapter 2. 
Particularly interesting NHCs are species which deviate from the traditional diaminocarbene 
pattern. Imidazolin-4-ylidenes (E), which are based on the same backbone as imidazolin-2-
ylidenes, but in which the carbene is adjacent to only one nitrogen atom, have attracted 
considerable attention.36 Due to the lower electronegativity of carben compared to nitrogen, the 
inductive effects stabilizing the σ orbital are reduced, and the increased electron density in this 
orbital leads to an increase in σ-donation.2b,22b, 37  The complexes of such ligands are more 




catalytic applications.38 Others example of such carbenes with reduced heteroatom stabilization 
are 1,2,3-triazolin-5-ylidenes (F),39 pyrazolin-3-ylidenes (G),40 indazolin-3-ylidenes (H),41 and 
pyrazolin-4-ylidenes (I) (Fig. 1.5).42 In chapters 3 and 4, various contributions to the chemisty of 
pyrazolin-3-ylidenes and indazolin-3-ylidenes are presented. 
Due to the absence of any nitrogen substituent directly bound to the carbene center in I, the 
carbene center is even more electron-rich then in carbenes with only one nitrogen atom in α-
position, and these carbenes are often referred to as remote carbenes (rNHCs). Taken to the 
extreme, this concept has lead to the development of carbenes like pyridine-4-ylidene, which 
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Fig. 1.5. NHCs with reduced heteroatom stabilization. 
 
For imidazolin-4-ylidene, no canonical structure can be drawn without charge separation. (Fig. 
1.6). The same is true for 1,2,3-triazolin-5-ylidenes and pyrazolin-4-ylidenes. As a consequence, 
these carbenes are often regarded as a distinct subclass of NHCs, and they are either referred to as 




























Fig. 1.6. Resonance structures of imidazolin-4-ylidene, a mesoionic carbene. 
 
Several methods have been proposed for the quantification of ligand donor strengths. A method 
for probing the donor strength of Werner-type ligand has been devised by Lever, and is based on 
the E0 value of a Ru(II)/Ru(III) redox couple of complexes incorporating the ligands of interest.46 




transferred from the ligands to ruthenium, determines the ease of oxidation, allowing for a 
qualitative estimate of ligand donor strength. However, this method is mostly employed for 
classical coordination compounds, and plays only a minor role in organometallic chemistry. The 
main methods commonly used for donor strength determinations in this field are either based on 
the observation of carbonyl stretch frequencies by IR spectroscopy (Tolman electronic 
parameter),47 or by NMR spectroscopy using a suitable probe nucleus.48 
The Tolman parameter was originally determined by determining the wavenumber of the CO A1 
band in IR spectra of [Ni(CO)3L] (L = ligand to be characterized) complexes. Metal-to-ligand π-
backdonation populates the π* orbital of the CO ligand and weakens the CO bond, thus a smaller 
wavenumber indicates a more electron-rich metal center caused by a more strongly donating 
ligand L. The wide availability of IR spectrometers has contributed to the popularity of this 
method, but there are several drawbacks. The probe complexes have to be synthesized from 
highly toxic and gaseous [Ni(CO)4], and while phosphine complexes are readily available, 
complexes with other ligand classes can be difficult to obtain. To mitigate toxicity issues, 
alternative methods base on Rh(I) and Ir(I) complexes of the general formula [MX(CO)2L] (M = 
Rh, Ir; X = halide) have been proposed, yet the synthesis of these complexes still requires the use 
of toxic carbon monoxide.49 Besides the toxicity of the required reagents, the Tolman electronic 
parameter is limited in its ability to distinguish small changes in donor strength by the broadness 
of IR bands, which allows an accurate measurement only with an error margin of at least 2 cm-1.50 
Additionally, competition for π-backdonation between the ligand to be characterized and 
carbonyl ligands generally poses a problem in all CO-based methodologies, and occasionally 
leads to inaccurate results. 
An approach that provides higher accuracy is a method based on the 13C NMR chemical shift of 
the carbene carbon in NHC complexes of the general formula trans-[PdBr2(iPr2-bimy)L] (iPr2-
bimy = 1,3-diisopropylbenzimidazolin-2-ylidene).48 Such complexes can be readily obtained both 
with organometallics and Werner-type ligands in excellent yields and without the need for toxic 





Scheme 1.8. Synthesis of probe complexes trans-[PdBr2(iPr2-bimy)L]. 
 
In these complexes, transoid ligands with high donor strength lead to a reduction in the Lewis 
acidity of the metal center, which induces a downfield shift of the carbene carbon signal.51 In 
contrast to IR spectroscopy, signals in 13C NMR spectra are very sharp and allows the 
differentiation of even relatively minor changes in donating properties. As a result, a 
comprehensive and detailed donor-strength scale compromising both Werner-type and 
organometallic ligands can be easily constructed (Fig. 1.7). 
 
 
Fig. 1.7. Donor strength scale based on the Huynh electronic parameter.48 
 
Besides electronic factors, the steric bulk of ligands can have a considerable impact on complex 
reactivities and their performance in catalysis. Besides protecting and stabilizing the metal-ligand 




turnover by favoring the dissociation of products or reductive elimination steps. For this reason, 
NHCs with particularly bulky wingtip substituents – which are the main contributor to steric bulk 
in these ligands - have been synthesized.52 However, while high steric bulk might favor certain 
steps in a catalytic cycle, it also hinders the coordination of substrates to the metal or the 
occurrence of oxidative additions. Therefore, NHC ligands with flexible steric bulk have been 
proposed as well, in which different conformations of the wingtip substituents can accommodate 
the varying steric requirements of individual step in the catalytic cycle.53 
Two distinct parameters are commonly employed to characterize the steric bulk of 
organometallic ligands. The cone angle θ was the first one of these parameters to be 
introduced.47c It is defined as the solid angle of a cone with the metal at the tip, and the ligand of 
interest bound to the metal center with a bond length of 2.28 Å, and touching the perimeter of the 
cone. This method is well suited to describe ligands such as teriary phosphines, which occupy a 
cone-shaped segment of space, and cone angles can be determined based on molecular structures 
obtained by X-ray crystallography. However, this method fails to accurately describe the steric 
ligands which are not cone-shaped, such as NHCs. To overcome this limitation, the “percentage 
of buried volume” parameter %Vbur was proposed.54 In this approach, the ligand is placed at at 
fixed distance from a metal center. Then, it is calculated what percentage of a virtual sphere of a 
fixed radius around the metal center is occupied by the ligand, and the value is expressed as a 
percentage of the total volume of this sphere. The resulting values are independent of ligand 
shape, and can be used as an indication of the steric shielding a ligand provides. 
The wingtip substituents allow the adjustment of the steric bulk of the ligand, but they also open 
up the possibility of incorporating additional donor sites into the NHC ligands. This can lead to 
chelating and pincer-type NHC ligands based on additional C-, N-, O-, P-, and S-donors,55 and 
even more complex structures such as tripodal ligands.56 Multidentate ligand architectures can be 
used to impose a desired geometry on the complex, increase ligand binding and consequently 
complex stability through the chelate effect, or to create distinct reactivities by pairing the soft 
NHC donor with a harder donor moiety. 
Donor functionalities that bind only weakly to the metal center are also of interest. If the bond 
between the additional donor site and the metal center is weak, the donor moiety can easily 
dissociate and open up a coordination site, but due to the linkage to the tightly bound NHC, they 




easily. This hemilabile behaviour allows for the easy coordination of incoming substrates to the 
metal center, thus enhancing catalytic turnover, while being able to revert to a more stabilized 
chelating resting state, which prolongs catalyst lifetime.57 Especially sulfur-functionalities were 
found to exhibit hemilabile behavior in late transition metal complexes, and the synthesis of 
group 10 complexes with NHCs bearing hemilabile thioether functionalities is presented in 
chapter 5. 
Most commonly, donor functionalities are introduced during the synthesis of carbene precursors, 
prior to the metalation step. While a wide range of functionalities can be installed in this way, in 
rare cases the additional donor moieties are incompatible with the subsequent complex 
formation.58 Additionally, if a library of NHC complexes with a wide array of different donor 
functionalities is desired, each carbene precursor has to be synthesized individually, followed by 
individual complexation steps. The introduction of functional groups into a metal-bound NHC 
ligand avoids such functional group incompatibilities, and allows for the generation of structural 
diversity with less synthetic effort.59 
Corresponding to the plethora of reported NHC structures, a number of diverse synthetic 
protocols have been developed to obtain NHC complexes.24 The most straightforward approach is 
the deprotonation of an azolium salt to yield the free carbene, which then adds to a metal center, 
or displaces a ligand in a suitable precursor complex (Scheme 1.9).60  






























Typically, bulky alkoxides, sometimes in catalytic amounts and in combination with sodium 
hydride, are used as base in anhydrous THF at low temperatures, but a variety of other bases and 
solvents has been employed as well. Free carbenes can also be obtained by other means than 
deprotonation, for example by reduction of a cyclic thiourea by potassium, but such reactions 
play only a minor role in modern NHC chemistry.61 While the metalation step is usually easy 
using free NHCs as reagent, the sensitivity of these compounds to moisture requires strictly 
anhydrous reaction conditions, and complexes of NHCs with a propensity to dimerize can usually 
not be obtained following this route. 
Insufficient stability of the free carbenes or overcomplexation reactions owing to the high 
reactivity of these species sometimes make it desirable to use labile NHC adducts instead of the 
free carbenes as reagents. Typical reagents for this reaction are zwitterionic imidazolium 
carboxylates, which are stable to air and water, NHC-borane adducts, or NHC adducts with 
alcohols or amines.62 While the preparation of these reagents is less straightforward than the 
synthesis of simple azolium salts, the handling of free NHCs can be avoided, since the carbene is 
only liberated from the adduct in situ and immediately prior to the metalation (Scheme 1.10). 
Related to this approach are NHC complex syntheses using electron-rich olefins such as 


































Scheme 1.10. Complex syntheses using azolium carboxylates and NHC-borane adducts. 
 
Direct metalations are possible by reacting sufficiently acidic azolium salts with basic metal 




less basic conditions than the preparation of free carbenes. Due to the presence of metal ions, 
which remove free carbene from the protonation/deprotonation equilibrium, even a relatively 
weak base such as acetate can still give good yields of NHC complex. Coinage metal oxides are 
particularly useful basic metal sources.63 As a byproduct of the deprotonation, only water is 
formed. In the case of silver(I), the Ag-C bond is labile and the NHC ligand is readily transferred 
to other metals. The precipitation of insoluble silver(I) halides from the reaction mixture provides 





















Scheme 1.11. Silver carbene transfer reaction. 
 
The azolium salt precursors leading to carbenes with reduced heteroatom stabilization and rNHCs 
are only very weakly acidic. In this case, synthetic methodologies involving deprotonation 
reactions, whether by external base or by basic metal salts, can be hampered, and other 

































A method to avoid in situ deprotonation or the handling of free NHCs altogether is the use of 
azolium halides, triflates, mesylates or tosylates. Such species can add oxidatively to low-valent 
metal precursors, yielding directly the desired carbene complexes.42a Alternatively, certain NHCs 
and acyclic diaminocarbenes (ADCs) can be generated by metal-templated reactions, where an 
already coordinated substrate is converted to an NHC.16 An example for this approach is the 
synthesis of benzoxazolin-2-ylidene complexes by Hahn et al.64 The phenylisocyanide ligand in 
platinum(II) complex X bears a silyl-protected hydroxyl group. Upon deprotection, the ligand 
rearranges to a protic N,O-carbene, which would be difficult to obtain otherwise. 
In their free form, NHCs are powerful nucleophiles, making them useful organocatalysts, 
especiall in reaction involving carbonyls such as esters or aldehydes (Fig. 1.8). 65 
Transesterifications can be catalysed by nucleophilic attack of a NHCs on esters yielding acyl 
azolium cations after elimination of alcoholate. These are good electrophiles, and readily react 
with alcohols, affording either transesterification products, or in the case of lactones, polyesters 
by ring-opening polymerization.66 The reaction of NHCs and aldehydes gives rise to an enamine-
like structure called Breslow intermediate. 67  In this species, the former carbonyl carbon is 
rendered nucleophilic in reversal of its normal reactivity, and such ‘umpolung’ products can react 
with electrophiles such as Michael acceptors (Stetter reaction) or aldehydes (Benzoin 














Fig. 1.8. Chiral organocatalysts based on free NHCs. 
 
In transition metal catalysis, NHCs have established themselves as an important class of ligands, 
rivalling the position of phosphines.69 Both phosphines and NHCs are powerful σ-donors and 
weak π-acceptors, but in contrast to phosphines, NHCs can be tuned sterically and electronically 




Replacement of phosphines by NHCs can dramatically improve a catalyst, as illustrated by the 





















Fig. 1.9. 1st and 2nd generation Grubbs’ catalysts, and Pd-PEPPSI-IPr catalyst. 
 
While the Grubbs’ first generation catalyst bears two tricyclohexylphosphine ligands, in the 
second generation, one of these was replaced by an 1,3-dimesitylimidazolidin-2-ylidene (SIMes) 
ligand. As a result of this modification, the catalytic performance was significantly improved. 
Besides in olefin metathesis, NHC complexes are being used as catalysts for C−C cross-couplings 
such as the Suzuki−Miyaura and Mizoroki−Heck reactions,72 but also for a many other reactions 
such as olefin polymerizations, Hartwig-Buchwald aminations, the α-arylation of ketones, 
hydroamination and hydrosilylation reactions, to name just a few.22, 73  Especially for cross-
coupling reactions, the so-called PEPPSI catalysts (PEPPSI = pyridine enhanced precatalyst 
preparation, stabilization, and initiation) have emerged as a commercially successful 
palladium(II) NHC complex, benefiting from the combination of electron-rich, tightly bound, and 
comparatively bulky NHC ligands and a labile 3-chloropyridine ligand in trans-position which 
will readily dissociate to allow substrate coordination.74 
The unique properties of NHCs, their facile tuning of steric and electronic properties 
independently from each other, the stability of their complexes, and the excellent performance of 
NHCs as ligands and as organocatalysts, will continue to attract research interest to this field of 
study for many years to come. 
 
2. N-heterocyclic Carbenes with Varying Number of Nitrogen Atoms 
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2. N-heterocyclic Carbenes with Varying Number of Nitrogen Atoms 
2.1. Electronic Structure Trends in N-heterocyclic Carbenes 
NHCs derived from five-membered heterocycles can either contain two, three or four nitrogen 
atoms in the ring. Within these series, three types of isomerism are possible. The arrangement of 
the heteroatoms relative to each other can vary, leading to NHCs derived from different parent 
azoles. The position of the nitrogen atoms relative to the carbene center can vary, leading to 
NHCs with varying degrees of heteroatom stabilization. If there are more than two nitrogen 
































Fig. 2.1. NHCs with two to four nitrogen atoms in the heterocycle. 
 
NHCs with two nitrogen atoms are the most commonly found NHCs. The heteroatoms in the 
cycle can be located adjacent to each other, leading to pyrazolin-ylidenes, or be separated by a 
carbon atom, leading to imidazolin-ylidenes. The carbene carbon can either be located between 
two heteroatoms (imdazolin-2-ylidene 55a), next to one nitrogen atom (pyrazolin-3-ylidene 55b 
2. N-heterocyclic Carbenes with Varying Number of Nitrogen Atoms 
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or imidazolin-4-ylidene 55c), or be completely substituted by carbon (pyrazolin-4-ylidene 55d). 
Due to the presence of only two nitrogen atoms in the heterocyle, the position of substituents 
cannot be modified independently of the heteroatom pattern. 
Nitrogen and methine are isolobal fragements, and the formal replacement of one methine unit in 
55a-d gives rise to triazolin-ylidenes. With three contiguous nitrogen atoms, 1,2,3-triazolin-
ylidenes 56 are obtained. In these, the carbene carbon is always located adjacent to a single 
nitrogen atom, and variations are only possible on the level of substitution pattern, giving rise to 
three distinct isomers with either a 1,2-dimethyl pattern and one methyl substituent on the α-
nitrogen (56b), a 1,3-dimethyl pattern and one methyl substituent on the α-nitrogen (56c), or a 
1,2-dimethyl pattern with both methyl groups bound to β-nitrogen (56d). In 1,2,4-triazolin-
ylidenes, the carbene carbon is always flanked by two nitrogen atoms in α-position, and again, 
isomerism is only possible with respect to the substitution pattern, wich allows for 1,4-dimethyl, 
1,2-dimethyl and 1,3-dimethyl patterns (57a-c, respectively). 
A second isolobal exchange leads to tetrazolin-ylidenes 58a-d. In these compounds, the four 
heteroatoms are necessarily arranged as a contiguous chain, and the carbene carbon is always 
substituted by nitrogen. Only substitution isomerism is possible for these compounds. Three of 
the possible isomers have at least one substituent on the α-nitrogen (58a-c), while one isomer is 
exclusively b-substituted (58d). 
Not all of these NHCs are known, due to the difficulty to selectively generate each substitution 
pattern, and the inherent instability of some of these compounds. While all possible isomers of 
imidazole- and pyrazole-derived NHCs are well studied,13,36,40,42 not all possible triazole-derived 
NHCs have been reported. Only derivatives of 56a,b and 57a are known, while the other species 
remain elusive, no doubt because of the difficulty to obtain suitable precursor salts 
regioselectively.39,75 For tetrazolin-ylidenes, the situation is similar. 58b or derivatives thereof 
have never been prepared, and a structure similar to 58d has only been observed at 173 K as an 
unstable lithium adduct.34a,b,e,76 
The selection of NHCs presented in figure 2.1 allows to systematically study the effects of 
varying numbers of heteroatoms in the azole, different substitution patterns and varying degrees 
of heteroatom stabilization.77 Since half of these carbenes are normal NHCs and half of them are 
mesoionic, a comparison between their respective electronic structures can be made as well. This 
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is especially interesting for 58a-d, in which the change between normal and mesoionic carbenes 
is brought about exclusively by a change of substitution pattern. 
2.1.1 Optimised Geometries and Relative Stabilities 
The geometry optimisation for free carbenes in their singlet ground states and their excited triplet 
states, and for the azolium cations as well as the doubly protonated dications was done using the 
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Fig. 2.2. Imidazolin-2-ylidene and related structures under scrutiny. 
 
The singlet states of all NHCs were found to be perfectly planar structures, and bond lengths and 
angles were in good agreement with published molecular structures,13a,36d with deviations from 
experimental values generally below 1%. For the mono- and diprotonated forms of these 
carbenes, planar ring structures were obtained as well. However, during the optimisation of 
58bHH and 58dHH, a rupture of the bond between N2 and N3 was observed, indicating a 
relatively low stability of these dicationic species. To prevent this problem, the bond length was 




Fig. 2.3. Optimized geometries of singlet and triplet states. 
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In contrast to the other species, the triplet states showed a distortion of the NHC ring plane and 
pyramidalization at nitrogen, indication a disruption of pi-delocalisation upon promotion of an 
electron into the ppi orbital at Ccarbene. (Fig. 2.3). 
The optimized bond lengths in the singlet carbenes as well as in the azolium cations fall – with 
rare exceptions – within the typical range for aromatic C-C, C-N and N-N bonds. 81  This 
underlines the notion that there is full delocalisation within the planar 6 pi-electron system. The 
introduction of a second proton, which removes electron density from the pi-system, or the 
promotion of an electron from the σ to the ppi orbital disrupts this delocalisation, however, and the 
bond lengths should be more typical for a system of alternating single and double bonds. Indeed, 
this is observed in the optimized structures for the dications and the triplet states. 
 
Table 2.1. Relative stabilities of singlet and triplet states, mono- and dications.a 
NHC Singlet state b Triplet state b [NHC + H]+ b [NHC + 2H]2+ b 
55a 0 26 0 6 
55b 136 29 82 153 
55c 77 0 0 0 
55d 202 36 82 81 
56b 31 8 46 75 
56c 0 16 0 0 
56d 119 0 46 31 
57a 0 34 0 4 
57b 111 0 37 80 
57c 78 13 0 0 
58a 0 66 9 31 
58b 130 21 66 80 
58c 69 0 0 0 
58d 195 13 51 30 
a
 Differences of zero-point corrected energies at the B3LYP/aug-cc-pVTZ level within each 
series. b Values in kJ/mol. 
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A comparison of the relative stabilities within each series of NHCs shows a striking similarity in 
the trends for the mono- and dications forms (Table 2.1 and Fig. 2.4). Species with spatially 
separated methyl groups are considerably more stable than those with adjacent substituents. To a 
lesser extent, the same trend is discernible for the singlet states as well, even though 55a, 57a and 
58a are clearly lower in energy than 55c, 57c and 58c, respectively. The reason for this energy 
difference can clearly be attributed to the sterical repulsion between vicinal methyl groups 
present in the less stable structures. When comparing the relative energies of the triplet states, no 
general trend can be found. The pyramidalization at the substituted nitrogen atoms allows the 
methyl wingtips to move away from each other, adopting a less encumbered arrangement and 
avoiding destabilisation caused by steric repulsion. 
 







































































































































Fig. 2.4. Relative stabilities of singlet and triplet states, mono- and dications. 
2.1.2 Singlet-Triplet Gap, Aromaticity, and Stability Towards Dimerization 
The singlet state with spin-paired electrons in the σ orbital at Ccarbene is the ground state for 
NHCs. The energy required to promote an electron into the ppi orbital, followed by structural 
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relaxation, is the singlet-triplet energy gap ∆ES→T. This energy difference is an important 
parameter in assessing the tendency of NHCs to dimerize to electron-rich olefins in the Wanzlick 
equilibrium.2b,10,37b Steric and electronic factors contribute to this dimerization tendency, and an 
empirical formula to estimate the enthalpy of dimerization taking into account these factors has 
been proposed.15b In this formula, the steric shielding of Ccarbene is estimated based on the 
percentage buried volume %Vbur,54 while the electronic contribution is based on the singlet-triplet 
energy gap. Larger ∆ES→T and %Vbur values favour monomeric carbenes, while small singlet-
triplet energy gaps and low steric encumbrance shift the Wanzlick equilibrium to the dimer.  
 
Table 2.2. HOMO-LUMO gap, vertical singlet-triplet energy gap and singlet-triplet energy gap.a 
NHC ∆EH-L [eV] b ∆EvertS→T [kJ/mol] c ∆ES→T [kJ/mol] d 
55a 5.58 409 355 
55b 4.57 314 222 
55c 4.59 386 252 
55d 3.73 270 164 
56b 4.81 305 210 
56c 4.55 317 249 
56d 3.56 220 114 
57a 6.10 415 355 
57b 4.62 312 210 
57c 4.60 354 256 
58a 5.98 465 370 
58b 4.77 310 195 
58c 4.58 330 236 
58d 3.54 226 122 
a
 All energies calculated at the B3LYP/aug-cc-pVTZ level. b Energy difference of the Kohn-
Sham frontier orbitals in the singlet state. c Zero-point corrected energy without structural 
relaxation. d Zero-point corrected energy with structural relaxation. 
 
Since all carbenes in series 55-58 are sterically only minimally shielded, the electronic parameter 
is the main factor in determining dimerization tendencies. The energy differences for the vertical 
singlet-triplet transition, without taking into account the geometry relaxation of the triplet state 
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(∆EvertS→T) was obtained from single-point calculations at the B3LYP/aug-cc-pVTZ level using 
molecular geometries optimized for the singlet state, and the singlet-triplet energy gap which 
accounts for geometry relaxation (∆EvertS→T) was obtained after full geometry optimization of the 
open-shell system.79,80 For all NHCs, these energies were found to be decisively in favour of the 
singlet state (Table 2.2). The largest vertical singlet-triplet gap of 465kJ/mol was found for 58a, 
while 56d has the lowest vertical gap with a value of 220 kJ/mol. Relaxation energies after the 
vertical transition range from 54 kJ/mol in 55a to 134 kJ/mol in 55c, but despite these 
considerable differences in relaxation energy, ∆ES→T shows a good correlation to ∆EvertS→T. 
Again, 58a has the largest singlet-triplet energy gap of 370 kJ/mol and 56d shows the smallest 
gap of 114 kJ/mol. 
Because the singlet and triplet states are related to each other by promotion of an electron from 
the σ to the ppi orbital, the HOMO-LUMO gap ∆EH-L is closely related to the singlet-triplet 
transition of NHCs. Values for this gap were taken from the Kohn-Sham orbitals of the optimized 
singlet state, calculated at the B3LYP/aug-cc-pVTZ level.79,80 The separation between the frontier 
orbitals ranges from 3.54 eV in 58d to 6.10 eV in 57a. Again, these values are sufficiently high to 
establish beyond any doubt that all NHCs under scrutiny are singlet species.2a  
 





















Fig. 2.5. Correlation between singlet-triplet and HOMO-LUMO energy gaps. 
 
A weak correlation exists indeed between ∆EvertS→T or ∆ES→T and ∆EH-L (R2 = 0.8326 for the 
vertical transition and R2 = 0.8892 when accounting for relaxation) (Fig. 2.5). The imperfections 
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in the correlation between ∆EvertS→T or ∆ES→T and ∆EH-L can in all likelihood be attributed to 
inaccuracies of the latter values, since an electronic transition is always accompanied by a change 
in orbital energies, and the relatively high error margin associated with LUMO energies obtained 
by DFT calculations. 
Based on their singlet-triplet energy gaps, the NHC can be sorted into three distinct groups. 55a, 
57a and 58a have exceptionally high ∆ES→T values above 350 kJ/mol. 55d, 56d and 58d have 
particularly low ∆ES→T values below 170 kJ/mol, and the remaining NHCs have ∆ES→T values 
ranging from 195 kJ/mol to 256 kJ/mol, and occupy the middle ground. Based on these values, 
only for 55a, 57a and 58a can dimerization be ruled out on purely electronic grounds, while 
additional stabilization from steric shielding might be required in all other cases.82 
 




















Fig. 2.6. Dependance of HOMO-LUMO gap on frontier orbital energies. 
 
Interestingly, the number of nitrogen atoms in the heterocycle is largely irrelevant for the 
magnitude of the energy gaps, but a clear relationship exists between them and the carbene 
structure. Both the most stable group and the most unstable groups of NHCs are related to each 
other by isolobal exchange of methine groups for nitrogen atoms. This can be understood when 
considering the immediate impact of such an exchange on orbital energies. A nitrogen atom is 
more electronegative than a methine group, leading to lower energies for all orbitals. The 
conversion of 56d to 58d leads to a decrease in HOMO energy of 0.56 eV, but the LUMO is 
stabilized by an almost equal amount of 0.58 eV as well. Consequently, the absolute energies of 
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the frontier orbital changes upon isolobal exchange, but the relative orbital energy gap remains 
the same. Upon closer examination, increases in ∆EH-L are due to a stabilization of the HOMO 
orbital, and a less marked destabilization of the LUMO orbital in the same compounds (Fig. 2.6). 
NHCs with stabilized σ orbitals have more destabilized ppi orbitals, and vice versa. 
 
Table 2.3. Nucleus-independent chemical shifts.a 
NHC Singlet stateb Triplet stateb [NHC + H]+ b [NHC + 2H]2+ b 
55a -11.14 -6.39 -13.09 -3.39 
55b -11.04 -7.53 -13.56 -5.19 
55c -11.05 -7.19 -13.09 -4.16 
55d -12.44 -11.07 -13.56 -4.61 
56b -11.53 -7.72 -13.48 -3.89 
56c -11.65 -8.84 -13.43 -3.03 
56d -11.93 -9.82 -13.48 -5.87 
57a -11.22 -4.90 -12.61 -1.88 
57b -11.00 -5.27 -12.67 -6.51 
57c -11.34 -7.45 -12.61 -4.52 
58a -12.88 4.22 -13.00 -1.80 
58b -12.03 -7.20 -12.98 -4.52 
58c -12.25 -4.76 -13.26 -4.65 
58d -13.91 -10.17 -13.81 -7.11 
a
 Values calculated at the B3LYP/aug-cc-PVTZ level. b Values in ppm. 
 
The aromaticity of the singlet state and its loss upon transition to the triplet state with an 
associated disruption of pi-delocalisation is often invoked to explain singlet-triplet energy gaps.15 
To test this notion, the aromaticity of all singlet and triplet states as well as the mono- and 
diprotonated derivatives was assessed at the B3LYP/aug-cc-pVTZ level using the nucleus-
independent chemical shift (NICS) method in conjunction with gauge-invariant atomic orbitals 
(Table 2.3).79,80,83,84 In line with the estimates based on bond lengths (vide supra), both the singlet 
NHCs and the azolium cations were found to be fully aromatic species. Due to a better ppi-ppi 
resonance in the azolium salts, these species show a slightly higher degree of aromaticity than 
their neutral derivatives. By contrast, the dicationic species and the triplet states have low NICS 
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values, confirming the low degree of aromatic delocalization in these species predicted by 
analysis of their bond lengths. However, while variations are small for the charged species and 
the singlet states, NICS values for the triplet states show no such uniform behaviour. It is 
noteworthy that 55aT, 57aT and 58aT have comparatively low NICS values, while for 55dT, 
56dT and 58dT, the drop in NICS when compared to the singlet states is particularly low. The 
most stable singlet carbenes would lose an above average degree of aromatic stabilization, while 
for the least stable singlet carbenes, the triplet states retain a high degree of aromaticity and the 
loss of aromatic stabilization can be assumed to be small. 
2.1.3 Measuring the σ-Basicity of the Carbene Lone Pair 
One of the main appeals of NHCs as ligands in transition metal catalysis lies in their strongly σ-
donating properties. Therefore, it is of interest to explore in detail the factors that influence the 
donating properties of the σ orbital at Ccarbene. For all 14 NHCs that were studied, Kohn-Sham 
orbitals were calculated at the same level of theory the geometry optimization was done at, and 
the highest occupied Kohn-Sham orbitals were found to be of σ-symmetry with a major lobe at 
Ccarbene lying in the NHC ring plane. Visual inspection of these orbitals revealed no significant 
difference within or between the different series (Fig. 2.7). 
 
 
Fig. 2.7. Highest occupied molecular orbitals of 58a-d. 
 
It has been demonstrated that first proton affinities and the energy eigenvalues of the donor 
orbitals in strong carbon bases such as NHCS are in excellent agreement.85 The C-H bond formed 
upon protonation of Ccarbene is covalent in nature. Differences in the enthalpy of this reaction, i. e. 
the first proton affinity, will be dependant on the energies of the involved orbitals – the 1s orbital 
on hydrogen and the σ orbital on Ccarbene. While electrostatic interactions and changes in the 
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geometry of the carbene also contribute to the bonding interaction, the differences of these 
contributions between NHCs can be safely assumed to be negligible. A good correlation between 
the energy eigenvalue of the highest occupied Kohn-Sham orbital ε(σ-HOMO) and first proton 
affinity should exist (Table 2.4). 
 
Table 2.4. Proton affinities and ε(σ-HOMO) of NHCs, and ε(pi-HOMO) of [NHC + H]+.a 
NHC 1st PA [kJ/mol] ε(σ-HOMO)b [eV] 2nd PA [kJ/mol] ε(π-HOMO)c [eV] 
55a 1088 -5.88 316 -12.04 
55b 1140 -5.24 256 -12.33 
55c 1164 -5.04 323 -12.04 
55d 1206 -4.57 326 -12.33 
56b 1093 -5.75 211 -12.98 
56c 1109 -5.60 238 -13.12 
56d 1179 -4.74 253 -12.98 
57a 1039 -6.29 214 -13.23 
57b 1111 -5.46 181 -13.38 d 
57c 1116 -5.47 219 -13.23 
58a 985 -6.87 123 -14.27 d 
58b 1055 -6.11 135 -14.23 d 
58c 1061 -6.06 147 -14.22 
58d 1134 -5.30 168 -13.96 
a
 Values calculated at the B3LYP/aug-cc-pVTZ level. b Values for the singlet NHCs. c Values 
for [NHC + H]+. d Values taken from HOMO-1. 
 
As expected, the correlation between first proton affinity and ε(σ-HOMO) was excellent 
(R2 = 0.9936, cf. Fig. 2.8). Additionally, the values obtained are in excellent agreement obtained 
either experimentally or by calculations at high levels of theory, ascertaining the accuracy of the 
calculations presented here.32,86 
The proton can be thought of as the simplest possible Lewis acid, interacting with the NHCs and 
acting exclusively as σ-acceptor. Due to the correlation between the two parameters, both ε(σ-
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HOMO) and the first proton affinity can therefore be seen as a measure for the σ-donating 
properties of the NHC ligands, allowing to rank them by ligand donor strength. 
 
 
Fig. 2.8. Correlation between first proton affinity and ε(σ-HOMO). 
 
Tetrazolin-5-ylidenes 58a-c make up the group of weakest donors, along with 1,2,4-triazolin-5-
ylidene 57a. Among these, 58a is by far the weakest donor, with a very low-lying HOMO orbital 
and the only first proton affinity to fall under 1000 kJ/mol. After these four nitrogen-rich NHCs, 
imidazolin-2-ylidene 55a follows, then two 1,2,3-triazolin-5-ylidenes are next (56b and 56c). 
Slightly more donating are the remaining 1,2,4-triazolin-5-ylidenes 57b and 57c. For these two 
compounds, the orbital eigenvalues ε(σ-HOMO) and first proton affinities differ only by a 
marginal amount, making a ranking difficult. By orbital energies, 57b is a marginally better 
donor, while the proton affinity of 57c is slightly higher. Within the computational margin of 
error, these differences can be discarded, and the donor strength should be considered to be equal. 
Following these compounds, 58d is the most strongly donating tetrazolin-ylidene. The series is 
completed by imidazolin-4-ylidene 55b, pyrazolin-3-ylidene 55c, the remaining 1,2,3-triazolin-
ylidene 56d, and finally pyrazolin-4-ylidene 55d as the strongest donor in this series. 
Separating the data into four series with distinct NHC backbone allows for a detailed analysis of 
the factors governing their donor strength (Fig. 2.9). 
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Fig. 2.9. Donor strength trends within and between NHC series. 
 
A clear order of the series becomes apparent, based on the number of nitrogen atoms present in 
the heterocycle. Imidazolin- and pyrazolin-ylidenes lie above triazolin-ylidenes in terms of 
orbital energy, and these lie above tetrazolin-ylidenes. The NHCs can be broken down into a 
carbene carbon, substituted by a Xα-Xβ-Xβ-Xα system, consisting of a variable number of 
methine groups and nitrogen atoms. The group electronegativity of this system depends on the 
electronegativity of its constituents, and the gradual introduction of an increasing number of 
nitrogen atoms will lead to an increase in group electronegativity. With more electronegative 
substituents, the bonds between Ccarbene and the flanking groups will become more polarized, and 
the increased p character in these bonds leads to a corresponding increase in s character of the σ 
lone pair orbital. The s orbital becomes more stabilized, ε(σ-HOMO) and first proton affinity 
decrease, and the NHCs are becoming weaker donors. In extension of this argument, NHCs with 
only one nitrogen atom present in the heterocycle, such as cyclic alkyl amino carbenes (CAACs), 
are exceedingly strong σ-donors.87 
The introduction of additional nitrogen atoms can have a substantial impact on ε(σ-HOMO) of 
the NHCs, and a drop of 1.02 eV can be found when introducing two additional nitrogen atoms 
into 55c to give 58c. However, the change within series 55a-d itself is far more striking. The σ 
orbital of 55d is 1.31 eV higher in energy than the same orbital in 55a. The reason is not the 
removal of nitrogen atoms from the backbone per se, but rather the change of nitrogen atoms 
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from the α-position to the β-position within the heterocycle. While two nitrogen atoms are 
adjacent to Ccarbene in 55a, there is only one in 55b and 55c, and in 55d, both nitrogen atoms are 
located in β-positions. Placing the more electronegative nitrogen atoms further away from the 
carbene center, the inductive effects that stabilize the σ orbital are weakened, resulting in higher 
orbital energies. The slightly better orbital stabilization in 55b when compared to 55c can be 
explained by a higher group electronegativity of the Nα-Nβ substituent when compared to two 
isolated nitrogen atoms. 
Following the same argument, ε(σ-HOMO) in the 1,2,3-triazolin-5-ylidenes 56b and 56c should 
be higher than the same orbital energy eigenvalue in the 1,2,4-triazolin-5-ylidene isomers 57b 
and 57c, since only one nitrogen atom is adjacent to Ccarbene in the former, while there are two 
nitrogen substituents in the latter. However, the opposite trend is observed, and the 1,2,4-
triazolin-5-ylidenes are found to be the stronger donors. This seemingly contradictory 
observation can be resolved when taking into account the exact nature of the moiety in α-
position. In series 55a-d, the nitrogen atoms always bear methyl groups. In 57b and 57c, the 
nitrogen atom in α-position is not methylated, however, but has a lone pair in an sp2 orbital lying 
in the NHC ring plane. The two molecular orbitals containing the adjacent lone pairs at the α-
nitrogen and at Ccarbene can interact in an in-phase and out-of-phase interaction, stabilizing the 
energetically slightly lower nitrogen lone pair, and destabilizing the energetically higher carbene 
lone pair even further. The presence of small lobes at the other center in the molecular orbitals 
containing both lone pairs is a clear indication of such an interaction (Fig. 2.10) 
 
 
Fig. 2.10. Ccarbene and α-nitrogen lone pair orbitals in 57c. 
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No such destabilizing influence is exerted by the methine groups in 56b and 56c, hence, the 
1,2,4-triazolin-5-ylidenes are stronger donors than their 1,2,3-triazolin-5-ylidene congeners 
despite being better stabilized by inductive effects from α-nitrogen substituents. 
The phenomenon of lone pair destabilization is taken to the extreme in series 58a-d. Within this 
series of NHCs, the ε(σ-HOMO) eigenvalues differ by a staggering 1.57 eV between the weakest 
and the strongest donor, yet all of them contain an Nα-Nβ-Nβ-Nα system, and varying inductive 
effects cannot be invoked to explain this variation. The only structural change within this series is 
the position of the methyl groups, and by consequence, the lone pairs at the unsubstituted 
nitrogen atoms. In the weakest donor 58a, no unsubstituted nitrogen atom is in α-position. The 
considerably stronger donors 58b and 58c have one nitrogen lone pair adjacent to Ccarbene, and 
two pairs are found in this position in 58d, which is by far the strongest donor in this series. Since 
no changes in inductive effects occur within this series, it can be determined that a nitrogen lone 
pair adjacent to the carbene center destabilizes the carbene lone pair orbital by an approximate 
0.8 eV. 
In summary, three independent factors influence first proton affinity, ε(σ-HOMO) and ligand 
donor strength in the NHCs under scrutiny: 
- the number of nitrogen atoms present in the heterocycle 
- their location in the ring with respect to Ccarbene 
- the presence or absence of nitrogen atoms with an in-plane lone pair in α-position. 
2.1.4 The Electronic Structure of the π-System 
The orbital interacting with an incoming proton in the free NHCs is the σ orbital at Ccarbene, but 
for the second protonation step, no lone pair with σ symmetry at Ccarbene is available anymore, 
and consequently, an orbital of pi symmetry has to be used. Examples of such doubly protonated 
salts exist in the literature.88 The first proton affinity and the associated ε(σ-HOMO) eigenvalues 
provide insights into the σ-donor properties of NHCs. Similarly, the addition of a second proton 
to the resulting azolium salts can provide insights into the pi-electronic structure in general, and 
pi-basicity of NHCs in particular. It has been shown that there exists a correlation between ε(pi-
HOMO) of azolium salts, and the second proton affinity of NHCs.85  
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When determining ε(pi-HOMO) of the azolium salts, caution has to be exerted, since the HOMO 
often has σ symmetry in these compounds and corresponds to lone pairs at the non-alkylated 
nitrogen atoms, particularly in the tetrazolin-ylidenes. Compared to the correlation found between 
first proton affinities and ε(σ-HOMO), the correlation between second proton affinities and ε(pi-
HOMO) was not as strong (R2 = 0.9188, cf. Fig. 2.11). 
 
 
Fig. 2.11. Correlation between second proton affinity and ε(pi-HOMO). 
 
Partly, this less than perfect correlation arises from pairs of NHCs which are derived from the 
same azolium salt by deprotonation at different positions. The ε(pi-HOMO) values in these 
azolium cations are identical, while the second protonation takes place at different carbon atoms 
in the ring, leading to vastly different second proton affinities. As an example, 55b and 55d are 
both derived from the 1,2-dimethylpyrazolium cation, which has an ε(pi-HOMO) of -12.33 eV. 
Depending whether this cation is protonated either on C3- or C4-position, the second proton 
affinities are 256 kJ/mol or 326 kJ/mol, respectively. This difference of 70 kJ/mol arises from 
different orbital coefficients at the carbon atoms, the likely participation of other orbitals with 
suitable shape, and to a minor extent from differences in geometry relaxation, but neither of these 
factors is reflected in the orbital energy eigenvalue. Similar cases are 55a/55c, 56b/56d and 
57a/57c. Attempts to refine the picture, such as taking orbital coefficients into account, were met 
with failure, as no improvement in the correlation was observed. 
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Despite the simplifications implicated in the approach, and the obvious problem of using ε(pi-
HOMO) as indicator for pi-basicity, it is nevertheless valid to analyze the underlying trends in the 
dataset. The NHCs can be divided into three groups based on their second proton affinity. The 
first group compromises tetrazolin-ylidenes with second proton affinities ranging from 
123 kJ/mol to 168 kJ/mol, the second group consist of triazolin-ylidenes with second proton 
affinities that fall between 181 kJ/mol and 253 kJ/mol, and the last group contains imidazolin-
ylidenes and pyrazolin-ylidenes with second proton affinities between 256 kJ/mol and 326 
kJ/mol. While these separations might seem arbitrary due to the small separations between the 
cut-off values, the boundaries are clearer when considering ε(pi-HOMO). In the first group, 
orbital energies fall between 14.27 – 13.96 eV, in the second, 12.98 – 13.38 eV, and in the last, 
12.04 – 12.93 eV.  
The common theme in each group is the number of heteroatoms in the ring, regardless of their 
position relative to the carbene carbon. The presence of these more electronegative atoms leads to 
more stabilized pi-HOMO orbitals, and consequently the second proton affinities are lower. 
Tetrazolin-ylidenes are the weakest pi-bases among the studied NHCs, followed by triazolin-
ylidenes, and imidazol- and pyrazole-derived carbenes are the strongest pi-donors. 
2.1.5 Local Electronic Structure at Ccarbene: pπ Population and Natural Charge 
Even though NHCs are only weak pi-bases, the fact that there is pi-electron density at Ccarbene 
available for bonding demonstrates that their description with the lone pair occupying the σ-
HOMO and the ppi orbital being unoccupied is too simplistic and might be only applicable to 
simple singlet carbenes not substituted with pi-donors. The extraordinary stability of NHCs can in 
part be attributed to the transfer of pi-electron density from the flanking nitrogen substituents into 
the ppi orbital of Ccarbene, which stabilizes this orbital and tempers the electrophilicity associated 
with it, and widens the singlet-triplet gap. 
A detailed picture of the ppi population and natural charges can be obtained form natural 
population analysis, which was done at the same level of theory as previous calculations.89 All 
NHCs were found to possess a considerable ppi population at the carbene center, ranging from 
0.60 electrons located in this orbital in 57b to 0.79 electrons in 55d (Fig. 2.12 and Table 2.5). 
 




Fig. 2.12. The population of the ppi orbital at Ccarbene. 
 
Table 2.5. Natural charge and ppi population at Ccarbene.a 
NHC Natural charge [e] pπ population [electrons] 
55a 0.09 0.66 
55b -0.08 0.64 
55c -0.18 0.75 
55d -0.41 0.79 
56b -0.11 0.65 
56c -0.16 0.71 
56d -0.20 0.73 
57a 0.09 0.64 
57b 0.10 0.60 
57c 0.04 0.67 
58a 0.09 0.62 
58b 0.07 0.62 
58c 0.03 0.65 
58d -0.02 0.68 
CH2 -0.12 0.00 
Ph- -0.39 0.72 
a Values calculated at the B3LYP/aug-cc-pVTZ level. 
 
Abnormal or mesoionic carbenes have attracted considerable research interest, sparked by their 
oftentimes superior performance in catalysis.38 These NHCS, which cannot be described by a 
canonical structure without charges, are occasionally treated as a class of NHCs distinct from 
their classical or normal congeners. Among carbenes 55 – 58, half are normal carbenes, while the 
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other half is mesoionic. This allows for a detailed comparison of their electronic structures. For 
normal carbenes, ppi populations of 0.66 electrons or less were found, while mesoionic carbenes 
had ppi populations in excess of 0.65 electrons. However, the local electronic structure of the pi 
system at Ccarbene does not allow for a clear distinction between normal and mesoionic carbenes. 
While ppi populations below 0.65 electrons are indicative for normal NHCs, and values above 
0.66 electrons were found for mesoionic species, there is an overlap between these two zones. 
The ppi population in the normal NHC 55a was found to be higher than the population in the MIC 
58c. The transition from normal NHCs to MICs is gradual in nature, without a sharp change in 
electronic structure, illustrating that the distinction made between these two classes of 
compounds is rather based on the inadequate representation of electronic structures by drawing 
canonical structures than by real properties of the carbenes themselves. 
The observed trend in ppi population can be understood in terms of pi orbital energies, and the 
absence or presence of pi-donors in α-position. As mentioned above, the replacement of methine 
groups by nitrogen atoms leads to lower orbital energies, and more pi-electron density will be 
located at the nitrogen atoms, depleting the remainder of the pi-system. Therefore, 55a as an NHC 
with only two nitrogen atoms in the heterocycle, has a relatively high ppi population for a normal 
carbene, while 58c has a particularly low ppi population due to the presence of four nitrogen 
atoms. This explains the overlap of mesoionic and normal zones. 
 







































Fig. 2.13. Natural charges and ppi population at Ccarbene. 




The natural charges at Ccarbene are related superficially to ppi populations (Fig. 2.13), but it is clear 
that no linear interdependence exists between these two variables. The electron density in the ppi 
orbital is only a part of the total electron density of the carbene center, and an isolated 
consideration of the pi-system neglects the significant changes inductive effects can make in the 
σ-system. These inductive effects area dominated by the electronegativity of the substituents 
directly adjacent to Ccarbene, and to a lesser extent, the amount of heteroatoms in the ring (vide 
supra). This becomes apparent when ranking the NHCs by the natural charge of Ccarbene. Species 
that have the same number of α-heteroatoms are very similar in charge to each other, regardless 
of differences in ppi population. If two nitrogen atoms are present in α-position, Ccarbene has a 
slightly positive to neutral charge, ranging from 0.10 e in 57b to -0.20 e in 58d. NHCs with only 
one nitrogen flanking the carbene center are consistently negatively charged, and natural charge 
values range from -0.08 e in 55b to -0.20 e in 56d. The pyrazolin-4-ylidene 55d occupies a 
special position, as it is the only species with no α-nitrogen. It is distinctly negatively charged, 
with a value of -0.41 e. 
Based on natural charges and ppi populations, NHCs can be described as a continuum ranging 
from species like 57b, with a ppi orbital that contains a small fraction of the pi-electron density of 
the heterocycle, to species like 55d at the other extreme, in which a positive partial charge is 
delocalised over the ring and a negative partial charge is localised at the carbene center. While 
normal carbenes are closer to the electronic structure of 57b and mesoionic carbenes have 
electronic structures more similar to 55d, the transition is gradual. In this context, it is also 
noteworthy that the electronic structure of 55d, at least as far as the carbene carbon is concerned, 
bears semblance to the local electronic structure of aromatic carbanions, which have almost 
identical ppi populations and natural charges (cf. Table 2.5). However, this similarity does not 
extend to the chemical behavior of the molecule as a whole. 
2.2. The Interaction of N-heterocyclic Carbenes and Transition Metals 
Since NHCs are widely used as ligands in transition metal chemistry, a detailed understanding of 
the interaction between the carbene ligand and transition metal fragments is required. In-depth 
studies into the bond properties between imdazole-derived NHCs and a wide variety of transition 
metals have been conducted,69e,90 but computational analyses focusing on a larger selection of 
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NHCs are lacking. To gain a systematic insight into the bonding between NHCs 55-58 with 
transition metals, the bonding of these carbenes to titanium(IV) tetrachloride and gold(I) chloride 
fragments were studied. Ti(IV) is an early transition metal with a d0 configuration, while gold has 
a completely filled d subshell and is a late transition metal. By choosing these two extreme ends 
of the spectrum, a fuller picture of NHC-metal bonds can be obtained than by focusing on a 
single metal only. Chlorido coligands were chosen for these model systems for the sake of 
computational simplicity. 
2.2.1 Geometries of Gold(I) and Titanium(IV) NHC Complexes 
The geometries of NHC-AuCl and NHC-TiCl4 (NHC = 55 – 58) were optimized using the 
B3LYP functional used for all previous calculations,79 but with the smaller basis set cc-pVDZ for 
the lighter atoms and cc-pVDZ-PP for the description of gold.80,91,92 During optimisation, CS 

















Fig. 2.14. Structures and optimized geometries of titanium(IV) tetrachlorido complexes 
incorporating 58a and 55c. 
 
The titanium complexes adopt a distorted trigonal-bipyramidal coordination geometry, with the 
NHC ligand occupying a position in the equatorial plane.69e Under the constraints of CS 
symmetry, the NHC ring can either lie in the equatorial plane, or in the plane defined by titanium 
and the two axial chlorido ligands. For most of the titanium complexes, the alignment of the 
NHC plane with the equatorial plane of the complex was found to be energetically more 
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favourable. By adopting this conformation, unfavourable steric interactions between the wingtip 
methyl groups of the NHCs and the axially bound chlorido ligands can be avoided, especially 
since the latter are tilted slightly towards Ccarbene. Exceptions were complexes 55b-Ti, 55d-Ti, 
and 56b-Ti, which did not converge to a true energetic minimum in this conformation, but 
instead reached transition states only. For the sake of comparison, these geometries were used 
nevertheless for all further studies. 
 
Table 2.6. Selected bond lengths in Ti(IV) and Au(I) complexes.a 
 NHC-TiCl4 NHC-AuCl 
 C-Ti [Å] C-Au [Å] Au-Cl [Å] 
55a 2.203 2.010 2.302 
55b 2.169 2.007 2.308 
55c 2.166 2.008 2.312 
55d 2.153 2.014 2.319 
56b 2.174 2.001 2.302 
56c 2.177 2.003 2.305 
56d 2.165 2.004 2.314 
57a 2.198 2.002 2.297 
57b 2.172 1.997 2.304 
57c 2.179 2.003 2.305 
58a 2.197 1.996 2.291 
58b 2.182 1.993 2.297 
58c 2.187 1.997 2.298 
58d 2.177 1.996 2.307 
a
 Values calculated at the B3LYP/cc-pVDZ(-PP) level. 
 
The C-Ti bond lengths show a significant degree of variation and range from 2.153 Å in 55d-Ti 
to 2.197 Å in 58a-Ti. A clear correlation between the ε(σ-HOMO) values of the NHC ligand and 
the associated C-Ti bond lengths was found, with shorter bonds resulting from higher-lying σ-
donor orbitals (Fig. 2.16 and Table 2.6, R2 = 0.7334). The electron-poor nature of the 
titanium(IV) center makes it prone to bind tighly to more strongly donating NHC ligands, 
resulting in the observed shorter bond lengths. 
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NHC complexes incorporating titanium(IV) fragments are very sensitive to hydrolysis, hence 
molecular structures of these compounds are rare. 93  However, comparison of the optimized 
structures with the molecular structure of a complex featuring a benzimidazolin-2-ylidene ligand 
bearing sterically bulky neopentyl wingtip substituents revealed good structural agreement 
despite the obvious steric and electronic differences of this ligand to the NHCs 55-58. For the 
most closely related compled 55a-Ti, the C-Ti bond lengths was found to be only marginally 
shorter in the calculated complex when compared to the experimental structure, and the 
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Fig. 2.15. Structures and optimized geometries of gold(I) chlorido complexes incorporating 58a 
and 55c. 
 
The gold(I) complexes adopt the linear coordination geometry typical for coinage metal 
complexes in this oxidation stage. The C-Au bond lengths range from 1.993 Å in 58b-Au to 
2.014 Å in 55d-Au. Longer bonds are found in the case of more strongly donating NHC ligands, 
but there is linear correlation between ligand donor strengths and C-Au bond lengths, in contrast 
to the titanium(IV) complexes. However, the Au-Cl bond lengths are dependant on ε(σ-HOMO), 
which provides a measure of the trans-influence exerted by the NHC ligand (Fig. 2.16, 
R2 = 0.9685). Longer bond distances are found with more strongly donating NHC ligands (Fig. 
2.16). The shortest Au-Cl bond was found for 58a-Au with a distance of 2.291 Å and the longest 
bond was 2.319 Å long and found in complex 55d-Au. 
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Similarly to the titanium(IV) complexes, the comparison of calculated structural parameters to 
those obtained experimentally showed only minor deviations.94 For example, the C-Au and Au-
Cl bond lengths in 55a-Au, were elongated by 1.5% and 0.6%, respectively, which is well within 
the acceptable error margin for DFT calculations. 
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Fig. 2.16. Variation of C-Au and C-Ti bond lengths with ε(σ-HOMO). 
2.2.2 Energy Decomposition Analyses of the C-Au and C-Ti Bonds 
The energy decomposition analysis is a computational approach to analyzing chemical bonds by 
breaking the interaction down into three distinct contributions.95 The instantaneous interaction 
energy ∆Eint between two fragments A and B in the frozen geometry of a molecule AB is 
decomposed into ∆Eint = ∆Eelstat + ∆EPauli + ∆Eorb. In this equation, ∆Eelstat is the electrostatic 
interaction between the two fragments, i.e. Coloumbic attraction and repulsion of partial charges. 
The Pauli interaction ∆EPauli corresponds to the repulsion of electrons on both fragments having 
the same spin. Occasionally, the combination of electrostatic interaction and Pauli repulsion is 
summarized into a steric interaction term ∆E0 = ∆Eelstat + ∆EPauli, which reflects the overall 
interaction between the fragments without allowing for orbital mixing and charge transfer. This 
term should not be confused with the commonly used concept of steric repulsion, which 
corresponds more closely to the Pauli repulsion ∆EPauli. ∆E0 includes attractive Coloumbic 
interactions in addition to Pauli repulsion, and may thus become attractive in certain cases. 
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Lastly, the orbital interaction term ∆Eorb accounts for energetic contributions from orbital mixing 
between the two fragments, orbital relaxation, charge transfer, and polarization. It can be 
decomposed further into contributions of orbitals with different symmetry. In the case of 
molecules with CS symmetry, these individual contributions are either of σ or pi symmetry: ∆Eorb 
= ∆Eσ + ∆Epi. By removing virtual, i.e. unoccupied orbitals, from either fragment, it is possible to 
assess the contributions of pi-donation ∆Epi(LM) and pi-backdonation ∆Epi(ML) to the ∆Epi 
term.69e,90,96 However, the removal of virtual orbitals from a fragment has an effect on all other 
orbitals within this fragment, so the sum of ∆Epi(L→M) and ∆Epi(M→L) differs slightly from ∆Epi. 
Energy decomposition analyses of all complexes were performed using the ADF2012.01 program 
at the BP86/TZ2P level of theory (Tables 2.7 and 2.8).79a,97,98,99  
 
Table 2.7. Energy decomposition analysis results for the C-Ti bond in NHC-TiCl4.a 
 ∆Eint ∆EPauli ∆Eelstat ∆Eorb ∆Eσ ∆Eπ ∆Eπ(LM) ∆Eπ(ML) 
55a-Ti -206.8 551.6 -497.8 -260.6 -227.2 -33.4 -8.9 -24.9 
55b-Ti -229.9 579.9 -532.1 -277.7 -244.6 -33.1 -9.2 -24.1 
55c-Ti -240.4 580.7 -544.7 -276.4 -242.3 -34.0 -11.2 -22.8 
55d-Ti -264.7 574.6 -557.7 -281.6 -249.4 -32.2 -11.3 -20.4 
56b-Ti -211.2 562.4 -507.6 -266.0 -233.2 -32.8 -8.1 -25.1 
56c-Ti -215.7 554.1 -509.4 -260.3 -228.1 -32.2 -8.7 -23.9 
56d-Ti -243.3 563.9 -534.7 -272.6 -241.1 -31.5 -9.3 -22.1 
57a-Ti -185.1 531.8 -467.6 -249.4 -218.0 -31.4 -7.2 -25.1 
57b-Ti -215.9 570.6 -513.3 -273.2 -239.1 -34.1 -8.3 -26.4 
57c-Ti -216.0 553.7 -504.3 -265.5 -232.4 -33.0 -8.9 -24.6 
58a-Ti -166.3 512.0 -438.0 -240.3 -207.6 -32.8 -6.3 -27.6 
58b-Ti -192.5 538.4 -473.8 -257.0 -223.2 -33.8 -7.2 -27.4 
58c-Ti -193.4 528.6 -471.6 -250.5 -217.7 -32.8 -7.3 -26.3 
58d-Ti -215.5 529.7 -489.2 -256.0 -224.5 -31.4 -7.39 -24.2 
a
 Values calculated at the B3LYP/cc-PVDZ//BP86/TZ2P level, all values given in kJ/mol. 
 
The detailed energy decomposition analyses done by Frenking et al. on the carbene-metal bonds 
between variety of transition metal fragement, including AuCl and TiCl4, and NH,NH-
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imidazolin-2-ylidene as well as NH,NH-imidazolin-4-ylidene can serve as a benchmark for the 
results obtained from the analyses reported here.69e Despite the presence of methyl groups as 
wingtip substituents in carbenes 55-58 in place of the protons in Frenking’s study, there is good 
agreement in terms of ∆Eint as well as the individual contributing energy terms for the NHC-AuCl 
complexes. However, the interaction energies ∆Eint, the Pauli repulsion term ∆EPauli, and 
especially the orbital interaction term corresponding to pi-interactions, ∆Epi, differ considerable in 
the NHC-TiCl4 complexes. The reason for these deviations can be found in the complex 
geometries. While the most stable conformations for the TiCl4 adducts of 55-58 were those with 
the NHC ring lying in the equatorial coordination plane, in the titanium(IV) complexes analyzed 
by Frenking, the NHC plane lies in the plane defined by titanium and the axial chlorido ligands. It 
is presumably the presence of substituents on nitrogen, which would interact unfavourably with 
the axial ligands in the geometry described by Frenking, which leads to the preference for a 
different geometry, and hence for differences in orbital interactions and Pauli repulsion. 
 
Table 2.8. Energy decomposition analysis results for the C-Au bond in NHC-AuCl.a 
 ∆Eint ∆EPauli ∆Eelstat ∆Eorb ∆Eσ ∆Eπ ∆Eπ(LM) ∆Eπ(ML) 
55a-Au -333.2 834.4 -874.2 -293.4 -244.3 -49.1 -6.1 -45.6 
55b-Au -349.4 853.0 -904.8 -297.6 -248.3 -49.3 -5.8 -45.9 
55c-Au -354.3 849.0 -910.2 -293.1 -246.9 -46.2 -6.0 -42.3 
55d-Au -358.9 833.9 -904.4 -288.4 -247.0 -41.4 -5.4 -37.6 
56b-Au -336.1 837.1 -878.3 -295.0 -243.3 -51.6 -5.6 -48.5 
56c-Au -338.0 830.5 -878.7 -289.8 -240.7 -49.1 -5.6 -45.9 
56d-Au -352.0 841.6 -901.0 -292.6 -246.3 -46.3 -5.2 -43.0 
57a-Au -319.9 818.5 -847.0 -291.3 -238.9 -52.5 -5.9 -49.4 
57b-Au -341.7 858.6 -898.0 -302.3 -247.8 -54.5 -5.8 -51.4 
57c-Au -338.2 833.6 -875.6 -296.1 -246.7 -49.4 -5.5 -46.3 
58a-Au -303.5 788.6 -802.0 -290.1 -233.9 -56.2 -5.9 -53.4 
58b-Au -325.1 823.5 -848.8 -299.7 -243.0 -56.7 -5.7 -53.8 
58c-Au -322.7 813.8 -843.1 -293.4 -240.1 -53.3 -5.5 -50.5 
58d-Au -336.7 821.1 -862.7 -295.1 -243.6 -51.50 -4.97 -48.8 
a
 Values calculated at the B3LYP/cc-PVDZ//BP86/TZ2P level, all values given in kJ/mol. 
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Energy decomposition analyses revealed both differences and similarities in the carbon-metal 
bond properties between titanium(IV) and gold(I) NHC complexes. In all complexes, the Pauli 
repulsion term is positive, while ∆Eelstat and ∆Eorb were negative, thus corresponding to an 
attractive interaction. For both metals, the major attractive contribution is electrostatic in nature. 
In the titanium(IV) complexes, ∆Eelstat accounts for 66% of attractive interactions on average, 
while this percentage rises to 75% in the case of NHC-AuCl complexes. The remaining 34% and 
25%, respectively, are due to the orbital interaction term. The nature of the bonded NHC has little 
impact on this distribution. 
The C-Au bonds were found to be considerably stronger than the C-Ti bonds in terms of total 
interaction energy ∆Eint. For titanium(IV), the largest value for ∆Eint is -265 kJ/mol in 55d-Ti, 
while the smallest is -166 kJ/mol in 58a-Ti. By contrast, the largest value in NHC-AuCl 
complexes was a ∆Eint of -358 kJ/mol in 55d-Au and the smallest 303 kJ/mol in 58a-Au. It is no 
coincidence that both the largest and the smallest interaction energies were found with the same 
ligands in both the gold(I) and the titanium(IV) complexes, because ∆Eint in both series shows a 
high degree of correlation (R2 = 0.9729 (NHC-TiCl4) and 0.9514 (NHC-AuCl)). This observation 
suggests that NHCs will have the same trends in overall bond strength, which is related to the 
∆Eint. Metal-NHC bonds are stronger for more strongly donating NHC ligands independently of 
the transition metal they are binding to (Fig. 2.17). 
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Fig. 2.17. Correlation of ligand donor strength and interaction energy. 
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A detailed explanation for this behaviour can be found by analyzing the trends for the individual 
contributions to the interaction energy term. First proton affinities are used as measure of donor 
strength, as they are an equally good measure for this property than ε(σ-HOMO), but give 
slightly better correlation coefficients, presumably due to better capturing minor contributions to 
σ-bonding made by other orbitals than the NHCs’ σ-HOMO. 
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Fig. 2.18. Variation of electrostatic interaction, Pauli repulsion, steric interaction and orbital 
interaction with first proton affinity in titanium(IV) and gold(I) NHC complexes. 
 
Both the electrostatic interaction and the Pauli repulsion terms vary widely with the ligands in 
both the titanium(IV) and gold(I) complexes (Fig. 2.18). ∆Eelstat shows a moderately strong 
correlation to the first proton affinity (R2 = 0.8920 (NHC-TiCl4) and 0.8000 (NHC-AuCl)), and 
the attractive interaction is stronger with more strongly donating NHCs. By contrast, the ∆EPauli 
term gets gradually more repulsive with increasing donor strengths in both series of complexes, 
albeit the correlations are only weak (R2 = 0.6044 (NHC-TiCl4) and 0.4652 (NHC-AuCl)). In 
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both cases, the observed trend can be traced back to the gradually increasing electron density at 
Ccarbene, albeit in the case of ∆EPauli, the difference in α-substitution patterns between NHCs might 
be a major confounding factor due to their contribution to steric repulsion, leading to the 
observed irregularities. Both ∆Eelstat and ∆EPauli are smaller in the titanium(IV)complexes. 
The combination of these two terms into a steric interaction term ∆E0 reflects the interaction 
between the NHCs and the transition metal fragments without orbital mixing and electron 
transfer. For the titanium(IV) complexes, this steric interaction term remains positive, that is, a 
small repulsive force exists between the NHCs and the transition metal fragments, while for the 
gold(I) complexes, this term is negative and therefore attractive. Despite ∆Eelstat and ∆EPauli 
increase and decrease with ligand donor strengths, respectively, a clear trend for ∆E0 can be 
observed, and correlations to ligand donor strengths are good for both metals (R2 = 0.8996 
(NHC-TiCl4) and 0.9362 (NHC-AuCl)). Electrostatic interaction outcompetes Pauli repulsion, 
and ∆E0 becomes less repulsive for more strongly donating NHCs in the case of the titanium(IV) 
complexes, and more attractive for gold(I) complexes with increasing ligand donor strengths of 
the NHCs. 
In contrast to the steric interaction term, which shows a range of 57 kJ/mol between the smallest 
and the largest value for both titanium(IV) and gold(I) NHC complexes, the orbital interaction 
term varies very little. The strongest orbital interaction with -302 kJ/mol in 57b-Au is only 
14 kJ/mol more exothermic than the weakest with -288 kJ/mol in 55d-Au. For the titanium 
complexes, this difference is more pronounced, but with 41 kJ/mol lying between the orbital 
interactions of -240 kJ/mol in 58a-Ti and -281 kJ/mol 55d-Ti, the variations of ∆E0 are still more 
important. 
The behaviour of the orbital interaction term differs between the metal fragments. While for 
titanium(IV) complexes, stronger orbital interactions are found for more strongly donating NHCs 
(R2 = 0.7737), this is not true for gold(I) complexes, in which the orbital interactions are wholly 
uncorrelated to ligand donor strengths. ∆Eorb includes both σ- and pi- contributions to the orbital 
interaction, but only the former can be accurately described by first proton affinities. Therefore, 
further decomposition of the ∆Eorb term into ∆Eσ and ∆Epi contributions is required. The energy 
decomposition approach allows the separation of orbital interactions into individual contributions 
corresponding to the irreducible representations of the point group the molecule belongs to. Since 
CS symmetry was imposed during geometry optimisation of the complexes, these are A’ and A’’, 
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which translate into orbital interactions which are symmetric with respect to the mirror plane, in 
which the NHC ring lies (σ-interactions), and interactions which are antisymmetric to it (pi-
interactions. However, this formalism does not provide information about the direction of 
electron density flow, nor is it able to distinguish σ-interactions from in-plane pi-interactions, 
which might be minor contributions in certain cases. An estimation of the contributions of pi-
donation ∆Epi(LM) and pi-backdonation ∆Epi(ML) to the ∆Epi term is possible by removing virtual 
orbitals from either fragements to restrict the flow of electron density to one direction 
exclusively, as described above. 
Using this approach, for the titanium(IV) complexes, an average of 88% σ-contribution is found, 
and the remaining 12% of pi-contribution to ∆Eorb can be further broken down into 75% of pi-
backbonding and 25 % of pi-donation. Given that NHCs are considered to be almost exclusively 
σ-donors, the observation of pi-donation can be puzzling, but it should be noted that it only 
accounts for 3% of the total orbital interaction energy term, and not more than 11 kJ/mol of the 
total interaction energy. Equally puzzling is the somewhat larger contribution due to pi-
backbonding, which should not occur at all because of the absence of filled d orbitals on 
titanium(IV). An explanation to this behaviour requires an even more detailed analysis of the 
bonding situation than what energy decomposition analysis can provide (vide infra).  
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Fig. 2.19. Correlation of ∆Eσ and ∆Epi terms and NHC electronic parameters. 
 
For the gold(I) complexes, σ-contributions to ∆Eorb drop to an average of 83% and pi-
contributions rise to 17%. As one would expect for a metal center with fully occupied d orbitals, 
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these pi-interactions are almost exlusively due to pi-backdonation. Interestingly, the changes in σ-
donation and pi-backdonation balance each other out for gold(I), explaining the absence of 
correlation between first proton affinities and ∆Eorb. 
For both metals, the ∆Eσ values are correlated moderately well to first proton affinities and ligand 
donor strength (Fig.2.19, R2 = 0.8156 (NHC-TiCl4) and 0.6680 (NHC-AuCl)). The imperfections 
in these correlations are possibly caused by other contributions to the ∆Eσ term, in which the σ-
HOMO orbital of the ligand is not directly involved, such as in-plane pi-interactions or internal 
reorganizations of the electronic structure. The pi-donation term ∆Epi(LM) is small for both metals, 
and seemingly uncorrelated to a single descriptor. This mirrors the problems in analyzing the pi-
basicities of NHC ligands discussed above. By contrast, the pi-backdonation term ∆Epi(LM) is 
correlated to the ppi population at Ccarbene (R2 = 0.8397 (NHC-TiCl4) and 0.8349 (NHC-AuCl)), 
which provides a more accurate measure of the NHCs’ pi-accepting ability than error-prone 
metrics like ε(pi-LUMO). 
2.2.3 Extended Transition State – Natural Orbitals for Chemical Valence 
The extended transition state – natural orbitals for chemical valence (ETS-NOCV) formalism 
allows a more detailed decomposition.100 Within this framework, the orbital interactions between 
the NHCs and the transition metal fragment can be separated into individual contributions 
associated with the deformation density within the orbitals of each fragment, each of which is 
associated with an energy contribution towards ∆Eorb. Complementary NOCVs with identical 
absolute energy eigenvalues and opposing signs can be grouped together into NOCV pairs (NP) 
and used to describe charge-transfer channels between the molecular fragments. Their 
visualization allows to determine the direction of charge transfer upon fragment interaction, thus 
allowing to distinguish donating and back-donating processes. In some cases, the shape of NPs 
allows to identify the fragment orbitals involved in these interactions as well.  
The ETS-NOCV analyses for all NHCs 55-58 were carried out using ADF2012.01.97 The same 
molecular geometries as in the energy decomposition analysis were used, and their electronic 
structure was described using the BP86/TZ2P level of theory again.79a,98,99 Similarly shaped 
NOCVs and NPs were obtained for all NHCs. While a considerable number of NPs is derived 
from the ETS-NOCV approach, only a small number makes relevant contributions towards ∆Eorb, 
and these are the ones which will be analyzed more in detail. Only contributions which contribute 
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more than 5 kJ/mol towards ∆Eorb in at least some of the NHCs were selected for closer study. 
For the titanium(IV) complexes, this criterion was met by six NOCV pairs, which accounted for 
an average of 92% of ∆Eorb (Fig. 2.20). The dark grey areas represent loss of electron density, 
light grey areas represent gain of electron density and the isosurface values are 0.004 for NPσ-d 
and NPpi-bd, and 0.001 for NPσ-bd, NPpi//-bd, NPpi-d and NPpi//–TiCl4. 
 
 
Fig. 2.20. Relevant NOCV pairs in 55a-Ti. 
 
As expected, the first NOCV pair for the titanium(IV) NHC complexes corresponds to the σ-
donation from the carbene to the metal fragment (NPσ-d). Electron density is depleted in the area 
corresponding to the lobe of ε(σ-HOMO) located at Ccarbene, i.e. the carbene lone pair, and 
transferred predominantly into the 2zd  orbital of titanium, and to a lesser extend it is redistributed 
to nonbonding orbitals of the chlorido ligands. The second NOCV pair (NPpi-bd) is of pi symmetry 
with respect to the NHC plane, and corresponds to a transfer of electron density from the p 
orbitals of the axial chlorido ligands into the ppi orbital at Ccarbene. This observation explains the 
seemingly paradox observation of pi-backbonding in a titanium(IV) complex, despite the absence 
of filled d orbitals at the metal. Instead of a real pi-backdonation from the metal to the NHC, this 
interaction is a pseudo-backdonation involving the coligands. Despite the relative scarcity of 
NHC complexes of early transition metals in high oxidation states bearing coligands with 
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available lone pairs, such interactions have been observed experimentally, and examined 
superficially by means of DFT calculations.101 
Four more, much weaker interactions were taken into account. These are an σ-backbondation 
(NPσ-bd) involving a transfer of electron density from the 2zd orbital of titanium back to the NHC 
ligand and into the p orbitals on the axial chlorido ligands involved in the pi-backbonding 
interaction, an in-plane pi-backdonation involving antibonding σ-orbitals of the NHC ring and a 
different set of p orbitals on the axial chlorido ligands (NPpi//-bd), a redistribution of electron 
densitiy involvig the metal center and the NHC ring system (NPpi-r), and finally an electronic 
reorganisation predominantly within the TiCl4 fragment involving a transfer of electron density 
from the metal d orbital to p orbitals on the equatorial chlorido ligands (NPpi//-TiCl4). Of these 
interactions, NPσ-d, NPσ-bd, NPpi//-bd and NPpi//-TiCl4 are of A’ symmetry, thus contribution to ∆Eσ in 
the energy decomposition analysis. This explains the poor agreement between first proton 
affinities and ∆Eσ, since only the first two NOCV pairs are related to σ-HOMO of the NHCs. By 
contrast, NPpi-bd and NPpi-r are of A’’symmetry and contribute to ∆Epi. 
 
 
Fig. 2.21. Relevant NOCV pairs in 55a-Au. 
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For the gold(I) complexes, four NOCV pairs were above 5 kJ/mol, and accounted for a total of 
95% of ∆Eorb on average (Fig. 2.21). Again,the dark grey areas represent loss of electron density 
and light grey areas represent gain of electron density. All isosurface values are 0.004. 
The NOCV pairs for gold(I) NHC complexes differ from those for titanium(IV) NHC complexes, 
especially since involvement of the coligand is not possible due to the distance to Ccarbene, and 
reorganisations within the transition metal fragment does not occur. The NOCV pair with the 
highest energetic contribution can be attributed to a transfer of electron density from the σ-lone 
pair at Ccarbene into the σ* orbital of the Au-Cl bond (NPσ-d). The electron densities in the area of 
the lone pair and in the space between chlorine and gold is depleted, and redistributed to the area 
between Ccarbene and gold, and into the pz orbital of the chlorido ligand. This interaction should 
weaken the Au-Cl bond, and indeed, longer bond lengths are observed with stronger σ-donors 
due to the carbenes’ trans-influence (cf. Fig. 2.16). 
The second interaction is a pi-backdonation from a d orbital on gold to the ppi orbital on Ccarbene, 
which is accompanied by a minor reorganisation of the pi-system within the NHC ring (NPpi-bd). 
The remaining two pairs correspond to a σ-backdonation (NPσ-bd), with electron density being 
withdrawn from the 2zd orbital of gold, and finally an in-plane p-backdonation from a metal d 
orbital into the σ* orbitals of the Ccarbene-X (X = X or N) bonds (NPpi//-bd). In NHCs in which the 
carbene carbon is flanked by different substituents, the third and fourth NOCV pairs are 
superpositions of the NPσ-bd and NPpi//-bd interactions. Again, multiple NOCV pairs are of A’ 
symmetry and contribute to ∆Eσ in the energy decomposition analysis. Of these, the σ-HOMO of 
the NHC ligands is only involved in NPσ-d and NPσ-bd, while NPpi//-bd is independent of the NHCs’ 
ligand donor strengths. The only NOCV pair for gold having A’’ symmetry is NPpi-bd, which is 
correctly assigned to ∆Epi in the energy decomposition analysis. 
In contrast to the titanium(IV) complexes, in which the electron density for NPpi-bd and NPpi//-bd 
stems from the chlorido coligands and only the very weak NPpi-r and NPσ-bd interactions involve 
loss of electron-density in metal-centered orbitals, the corresponding NPpi-bd, NPσ-bd, and NPpi//-bd 
interactions in the gold(I) complexes involve only gold-centered orbitals. 
For both metals, σ-donation as expressed by NPσ-d is the largest term. In the titanium(IV) NHC 
complexes, it accounts for an average of 74% of ∆Eorb (Table 2.9). In the gold(I) analogues, the 
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percentage drops, but remains by far the most important single contribution towards ∆Eorb with an 
average of 61% (Table 2.10). 
 
Table 2.9. ETS-NOCV results for the orbital interactions between NHCs and TiCl4.a 
 ∆Eorb NPσ-d NPpi-bd NPσ-bd NPpi//-bd NPpi-r NPpi//-TiCl4 Sum % of ∆Eorb 
55a-Ti -260.6 -191.1 -22.1 -8.7 -6.5 -4.6 -4.0 -237.0 90.9 
55b-Ti -277.7 -205.9 -22.0 -8.1 -8.9 -5.0 -5.5 -255.5 92.0 
55c-Ti -276.4 -206.0 -20.7 -6.3 -9.1 -6.8 -6.5 -255.3 92.4 
55d-Ti -281.6 -213.9 -19.1 -8.6 -9.7 -7.1 -6.06 -264.4 93.9 
56b-Ti -266.0 -195.7 -23.0 -9.0 -8.0 -4.2 -4.9 -244.8 92.0 
56c-Ti -260.3 -193.2 -21.4 -8.5 -6.7 -4.8 -5.4 -240.1 92.2 
56d-Ti -272.6 -206.6 -20.1 -9.5 -6.0 -5.3 -6.1 -253.5 93.0 
57a-Ti -249.4 -181.0 -22.5 -8.6 -6.3 -3.3 -4.5 -226.3 90.8 
57b-Ti -273.2 -200.2 -24.2 -9.9 -5.8 -3.8 -4.8 -248.7 91.0 
57c-Ti -265.4 -196.7 -21.6 -9.3 -6.1 -4.8 -4.3 -242.8 91.5 
58a-Ti -240.3 -172.7 -24.8 -8.7 -7.0 -2.6 -3.7 -219.5 91.3 
58b-Ti -257.0 -185.8 -25.0 -9.7 -6.2 -3.1 -4.1 -233.8 91.0 
58c-Ti -250.5 -183.7 -23.5 -8.8 -6.6 -3.5 -3.3 -229.3 91.6 
58d-Ti -256.0 -191.6 -22.1 -9.5 -5.9 -3.7 -3.4 -236.1 92.2 
a
 Values calculated at the B3LYP/cc-PVDZ//BP86/TZ2P level, all values given in kJ/mol. 
 
Independently of NHC donor strength, NPσ-d is always stronger in the titantium(IV) complexes 
than in the corresponding gold(I) analogues, and variations of the energy associated with this 
NOCV pair are twice as large for titanium than for gold (Fig. 2.22). The electron-poor d0 
titanium(IV) center has a higher ability to accommodate electron density than the electronically 
saturated d10 gold(I) center. The strong σ-donation component in the C-Ti bonds might also 
explain why the lengths of these bonds depends on ε(σ-HOMO), while no such dependence 
exists in the case of the C-Au bonds. 
Other contributions with A’ symmetry, that is, either σ- or in-plane pi-symmetric contributions, 
are much smaller than NPσ-d, and correspond to backdonation from the metal center to the NHC 
ligand, or to electronic reorganization within a fragment. In the case of titanium(IV), NPσ-bd, 
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NPpi//-bd and NPpi//-TiCl4 make up almost negligible 9% of ∆Eσ from the energy decomposition 
analysis. This is not surprising, given the electron-poor nature of this metal center. For the more 
electron-rich gold(I) center, NPσ-bd and NPpi//-bd account for an average of 23% of ∆Eσ. This 
explains why the σ-part of the orbital interaction term is larger for the NHC-AuCl complexes 
than for their titanium(IV) counterparts, despite the higher NPσ-d values for the latter. 
 
Table 2.10. ETS-NOCV results for the orbital interactions between NHCs and AuCl.a 
 ∆Eorb NPσ-d NPpi-bd NPσ-bd NPpi//-bd Sum % of ∆Eorb 
55a-Au -293.4 -174.7 -43.5 -32.8 -22.8 -273.8 93.3 
55b-Au -297.6 -183.1 -43.7 -32.9 -20.8 -280.5 94.3 
55c-Au -293.1 -183.3 -40.3 -33.1 -21.0 -277.8 94.8 
55d-Au -288.4 -188.1 -35.9 -34.6 -16.8 -275.4 95.5 
56b-Au -295.0 -177.9 -46.3 -32.5 -22.4 -279.1 94.6 
56c-Au -289.8 -177.2 -43.8 -32.4 -22.0 -275.4 95.0 
56d-Au -292.6 -185.8 -40.9 -33.7 -19.3 -279.7 95.6 
57a-Au -291.3 -171.3 -47.5 -31.5 -24.7 -275.1 94.4 
57b-Au -302.3 -180.0 -49.2 -33.6 -22.6 -285.3 94.4 
57c-Au -296.1 -178.2 -44.1 -32.8 -24.0 -279.1 94.2 
58a-Au -290.1 -167.0 -51.6 -33.3 -24.0 -275.9 95.1 
58b-Au -299.7 -174.9 -51.5 -32.7 -24.8 -283.9 94.7 
58c-Au -293.4 -173.0 -48.5 -31.1 -25.8 -278.3 94.9 
58d-Au -295.1 -181.3 -46.7 -33.3 -21.5 -282.8 95.8 
a
 Values calculated at the B3LYP/cc-PVDZ//BP86/TZ2P level, all values given in kJ/mol. 
 
Separating NPσ-d, which depends on the σ-donating abilities of the ligand, from the other orbital 
interaction terms with A’ symmetry, which are unrelated to this property, should lead to an 
improved correlation to the first proton affinity. And indeed, while ∆Eorb was only weakly 
correlated to first proton affinities for titanium(IV) NHC complexes, and completely uncorrelated 
for gold(I) NHC complexes, and ∆Eσ showed only moderate correlation to this parameter, the 
correlation between NPσ-d and first proton affinities (and by extension, ε(σ-HOMO)) was 
excellent (cf. Fig. 2.22, R2 = 0.9087 (NHC-TiCl4) and 0.9626 (NHC-AuCl)). 
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Fig. 2.22. Correlation of NPσ-d and NPpi-bd and NHC electronic parameters. 
 
Purely σ-donation accounts for roughly one third of the orbital interaction term in both the 
titanium(IV) and the gold(I) complexes. The exact percentage varies slightly with ligand donor 
strengths, and with ligands having lower-lying σ-HOMO orbitals, the fraction decreases slightly. 
Nevertheless, pi-interactions should not be overlooked for NHCs.69e,90,102 
Energy decomposition analysis places the percentage of pi-interactions contributing to the orbital 
interaction term at an average of 12% for the titanium(IV) complexes, with a average breakdown 
of about three to one between pi-backdonation and pi-donation. With more pi-basic carbenes such 
as 55d, the percentage of the later can rise up to 35% of ∆Epi, however. This reinforces the notion 
that NHCs don’t act as purely σ-donors, but that other interactions have to be taken into account 
to fully understand the bonding situation. Two NOCV pairs have pi symmetry in the case of the 
titanium(IV) complexes: NPpi-bd and NPpi-r. These correspond well to the ∆Eπ(ML) and ∆Eπ(LM) 
terms (R2 = 0.9618 and 0.9790, respectively). However, it should be noted that the former 
interaction is largely due to the transfer of electron density from the axial chlorido coligands to ppi 
on Ccarbene, while the latter involves a significant amount of electronic reorganization within the 
fragments, especially the NHC ring. Therefore, describing them as classical metal-to-ligand 
backdonation and ligand-to-metal pi-donation would be oversimplifications. 
For the gold(I) complexes, ∆Epi accounts for a larger percentage of the orbital interaction term. 
Since the ∆Eπ(LM) term is smaller with this already electron-rich d10 metal, and makes up less than 
one tenth of ∆Epi according to energy decomposition analysis, the bulk of this interaction can be 
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attributed to pi-backdonation. Indeed, no NOCV pair corresponding to an A’ symmetric pi-
donation was observed among the non-negligible NOCV pairs. ∆Eπ(ML) is almost perfectly 
correlated to NPpi-bd (R2 = 0.9987), showing a good agreement between energy decomposition 
analysis and ETS-NOCV decomposition in this case. It should be noted that similarly to the case 
of the titanium(IV) complexes, a reorganization of the electronic structure within the NHC ring 
fragment accompanies the transfer of electron density from the transition metal fragment.  
Both for titanium(IV) and gold(I) NHC complexes, NPpi-bd corresponded nicely to the population 
at Ccarbene, which was already found to be a useful descriptor for ∆Epi(ML) (R2 = 0.8410 (NHC-
TiCl4) and 0.8226 (NHC-AuCl)). The fact that no such correlation between pi-donation and 
electronic parameters for the NHCs can be found becomes easier to understand in the light of the 
ETS-NOCV results. For gold(I), pi-donation plays only a negligible role in the orbital interaction, 
and for titanium(IV), it is complicated by a substantial amount of internal electronic 
reorganization within the fragments, which makes a description by a single electronic parameter 
very difficult. 
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3. Palladium(II) Complexes bearing Pyrazole-derived Ligands 
3.1. Donor Strengths and Nucleophilicity of Differently Substituted Pyrazoles 
In contrast to the ubiquitous imidazolin-2-ylidene complexes, NHCs with reduced heteroatom 
stabilization are less well studied, and the majority of research in this area focused on imidazolin-
4-ylidenes.36 However, their isomers, pyrazolin-3-ylidenes are equally strong donors, and 
pyrazolin-4-ylidenes,42,81 which are remote NHCs, are even more strongly donating.2b,37b 
Reports of the coordination chemistry of pyrazolin-4-ylidenes are rare, and focused often 
exclusively on palladium complexes.42 However, pyrazolin-4-ylidenes incorporating exocyclic 
donor substituents have sparked a vigorous debate about the nature of their electronic structure, 
and adequate ways to describe them.42d, 103  To date, only symmetrically 3,5-disubstituted 
pyrazolin-4-ylidenes have been described, bearing either two alkyl or aryl substituents (I),81 or 
two exocyclic pi-donor substituents (K).104 To obtain a fuller picture of the electronic structure of 
these compounds, it would be desirable to study pyrazolin-4-ylidenes with an unsymmetric 3,5-
disubstitution pattern, combining alkyl and aryl substituents of different sizes and electronic 
properties (L), or alkyl and aryl substituents in one position, and nitrogen- or oxygen-based pi-






















R, R', R'' = alkyl, aryl
X = O, N
 
Fig. 3.1. Types of reported pyrazolin-4-ylidenes and potentially interesting new subclasses. 
 
Based on previous work, the most promising approach to these compounds is the synthesis of 
pyrazoles with the desired substitution patterns and a halogen substituent in 4-position, followed 
by quarternization of the second nitrogen atom to yield pyrazolium salts, and finally oxidative 
addition to a suitable palladium(0) precursor.42a,b This avoids the preparation and handling of 
very basic and highly water sensitive free carbenes. 
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3.1.1. Synthesis of Substituted Pyrazoles and Attempted Synthesis of Pyrazolium Salts 
Pyrazoles are commonly found in pharmaceutically active substances, and used as ligands in 
coordination chemistry. Thus it is hardly surprising that several procedures for the construction of 
this heterocycle have been developed since the discovery of the Knorr pyrazole synthesis.105 
However, the synthesis of donor-substituted pyrazoles by condensation of β-ketoesters and β-
ketoamides with phenylhydrazone, which works well for 1,3-diketones (vide infra), yielded only 
minor amounts of the desired ether-functionalized pyrazole 60, and no amine-functionalized 
product 63 could be isolated at all. Along with unidentified side products, considerable amounts 





































Scheme 3.1. Attempted condensations of β-ketoesters and β-ketoamides with 
phenylhydrazine·HCl. 
 
Despite literature reports of successful condensation reactions of this type,106 the reason for this 
failure lies in the mechanism of the reaction. When starting from 1,3-diketones, the intermediate 
is a hemiaminal, which eliminates water to form the pyrazole. However, when starting from β-
ketoesters or β-ketoamides, an alcohol or amine can be eliminated instead, both of which are 
better leaving groups. The resulting hydroxypyrazole then tautomerizes to the observed 
pyrazolone. This side reaction is suppressed when instead of the β-ketoesters or β-ketoamides the 
corresponding β-ketothionoesters or β-ketothioamides are used as starting materials. Because the 
preparation and isolation of these compounds would add an additional step to the synthesis, it is 
preferable to prepare them in situ, directly prior to cyclization. This can be achieved by 
Lawesson’s reagent, using a procedure described by Dodd and Martinez for β-ketoamides.107 
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However, this methodology failed to give the desired product, yielding intractable mixtures of 
predominantly oligomeric materials instead. Attempts to extend the approach to β-ketoesters 
yielded similar results. 
Since the construction of the heterocycle by condensation reactions was fraught with difficulties, 
functional group interconversion starting from the commercially available 1-phenyl-3-methyl-
pyrazolin-5-one (61), which was also obtained as byproduct in the previous attempts, provided an 

























Scheme 3.2. Successful syntheses of ester- and amine-functionalized pyrazoles. 
 
Under Mitsunobu conditions, the pyrazolone 61 could be converted into the 5-methoxy-
substituted pyrazole 64 via the enol ether tautomer in moderate yields.108 Since this reaction is 
not limited to methanol as substrate, other ether side chains can potentially be introduced by this 
route as well. The introduction of an amine can be achieved by heating a mixture of pyrazolone, 
anilinium chloride and phosphorous pentoxide as dehydrating agent to 200 °C and above.109 
However, this transformation requires long reaction times at very high temperatures. To improve 
the procedure, advantage was taken of the know acceleration effects associated with microwave 









68, R = Ph, 83%
69, R = Me, 88%
70, R = iPr, 93%
65, R = Ph
66, R = Me




Scheme 3.3. Pyrazole syntheses starting from 1,3-diketones. 
 
3. Palladium(II) Complexes bearing Pyrazole-derived Ligands 
 
 60 
Pyrazoles with symmetric 3,5-dialkyl- and diaryl substitution patterns are easier to obtain.42d,110 
The condensation of commercially available 1,3-diketones 65-67 gives such compounds in good 
to excellent yields. When required, they could be purified either by recrystallization in the case of 
3,5-diaryl pyrazole 68, or by distillation in the case of the 3,5-dialkyl pyrazole 69. 
To set the scene for oxidative additions, a halogen substituent in 4-position is required. Selective 
iodination in 4-position can be achieved by treating the pyrazoles with elemental iodine, but 
harsh reaction conditions and reaction times of multiple days are required to achieve complete 
halogenation of the starting materials, or the addition of an external oxidant.111 A milder, faster 
and more convenient method has been developed by Pereira et al., who discovered that the by 
ultrasound irradiation, N-halosuccinimides react with pyrazoles at ambient temperature.112 This 
procedure allows the introduction of chlorine, bromine and iodine substituents in 4-position 
without the need to handle highly reactive, elemental halogens, and gave the desired compounds 
in excellent yields (Scheme 3.4). The notable exception was the reaction between 1-phenyl-3,5-
dimethyl-1H-pyrazole. Instead of the selective chlorination in 4-position on the pyrazole ring, a 
mixture of products arising from chlorination of the methyl side chains was observed. This is in 










68, R = Ph,
69, R = Me
NXS, ethyl acetate,
))), 30 min - 4 h
R = Ph, X = Cl, 71, >99%
R = Ph, X = Br, 72, >99%
R = Ph, X = I, 73, 92%
R = Me, X = Cl, 74, 0%
R = Me, X = Br, 75, 96%
R = Me, X = I, 76, 95%
 
Scheme. 3.4. Selective halogenation of pyrazoles in 4-position using N-halosuccinimides. 
 
The transformation of pyrazoles into the pyrazolium salts required for complex synthesis can be 
achieved by quarternization of nitrogen by reaction with a strong nucleophile. For the 4-
halidopyrazoles 75 and 76, this transformation has been achieved by heating them to reflux in 
neat ethyl iodide for several days, but the yields were moderate to low.42b Attempting to use this 
method for the alkylation of the 1,3,5-triphenylpyrazoles 72 and 73 were unsuccessful, although 
the reaction with trimethyloxonium tetrafluoroborate showed that these compounds can be 
alkylated by strong electrophiles (Scheme 3.5). Oxonium salts are considerably more 
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electrophilic than iodoalkanes and capable of alkylating even weak nucleophiles, while 
iodoalkanes should be able to distinguish between stronger and weaker nucleophiles. The low 
yields reported for the alkylation of 75 and 76 with ethyl iodide might indicate that their 
respective nucleophilicities are close to the threshold required to react with this electrophile, 
while the additional electron-withdrawing substituents on the pyrazole core in 72 and 73 reduce 
their nucleophilicities even further, rendering them effectively unreactive. 
 
 
Scheme 3.5. Reaction of 72 and 73 with electrophiles of differing reactivity. 
 
The question arises whether it is possible to establish a semi-quantitative relationship between the 
electron density at the nucleophilic nitrogen and their reactivity towards electrophiles with 
different alkylating strengths.113 
3.1.2. Donor Strength Determinations by 13C NMR Spectroscopy 
As described in chapter 1, the 13C NMR chemical shift of Ccarbene in complexes of the type trans-
[PdBr2(iPr2-bimy)L] is highly sensitive to the ligand donor strength of the transoid ligand L.48,114 
The sharp signals typical for 13C NMR spectroscopy allow exceptionally precise measurements. 
Stronger donors, which have a higher electron density at the donor site and which are stronger 
nucleophiles, decrease the Lewis acidity of the metal center. This induces a downfield shift of the 
Ccarbene resonance in the 13C NMR spectrum. By consequence, less nucleophilic pyrazoles should 
lead to more upfield chemical shifts, while better nucleophiles should lead to more downfield 
shifts. 
The synthesis of probe complexes is straightforward. It can be achieved by reacting suitable 
donor ligands with the dimeric species [PdBr2(iPr2-bimy)]2 (30) in dichloromethane at ambient 
temperature (cf. Scheme 1.8). Similar to other neutral N-donor species, pyrazoles react cleanly 
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and rapidly with dimer 30, giving excellent yields of the probe complexes after short reaction 
times of only 30 min (Scheme 3.6 and Table 3.1) 
 
 
Scheme 3.6. Preparation of probe complexes 81-90 for ligand donor strength determination. 
 
Table 3.1. Yields of pyrazole complexes 81-90 and 13C NMR chemical shift of Ccarbene. 
Entry R1 R2 X Product Yield δ CCarbene (ppm)a 
1 NHPh Me H 81 >99% 162.8 
2 OMe Me H 82 >99% 162.6 
3 Ph Ph H 83 95% 161.6 
4 Me Me H 84 87% 163.0 
5 iPr iPr H 85 >99% 163.1 
6 Ph Ph Cl 86 >99% 160.9 
7 Ph Ph Br 87 >99% 160.8 
8 Ph Ph I 88 98% 160.9 
9 Me Me Br 89 97% 161.8 
10 Me Me I 90 >99% 161.8 
a
 in CDCl3, relative to the solvent signal at 77.7 ppm. 
 
The crude complexes 81-90 were obtained as pale yellow to orange solids, which were 
analytically clean without the need for any additional purification steps. The complexes are 
readily soluble in chlorinated solvents, polar aprotic solvents such as acetonitrile, but insoluble in 
ethereal solvents, alkanes, and very polar protic solvents. This allowed to obtain single crystals 
suitable for X-ray diffraction studies for a selection of complexes by slow diffusion of diethyl 
ether into saturated chloroform solutions. These include complex 82, in which the pyrazole bears 
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a pi-donor functionality, and the complexes 84, 89·CHCl3 and 90·CHCl3, which bear 3,5-
dimethyl substituted pyrazoles with 4-H, 4-Br and 4-I substituents, respectively (Fig. 3.2, Fig. 
3.3, and Table 3.2). 
 
 
Fig. 3.2. Molecular structures of 82 and 84 (hydrogen atoms have been omitted for clarity, 
thermal ellipsoids are drawn at 50% probability). 
 
In all molecular structures, palladium adopts a distorted square-planar coordination geometry. In 
all cases, the pyrazole is coordinated trans to the iPr2-bimy ligand. This trans-coordination is 
common for nitrogen-donors and favored electronically,48 but this arrangement also avoids steric 
crowding. The planes defined by the pyrazole core and the NHC ligand are aligned almost 
parallel, with dihedral angles not exceeding 14°. The methyl groups of the isopropyl substituents 
point away from the metal center, and the phenyl substituent on N4 is twisted out of the pyrazole 
ring plane by 50 – 64°, to minimize steric repulsion between these moieties. 
The Pd-C and Pd-N bond lengths show little variation and fall between 1.943(5) Å for the Pd-C 
and 2.090(4) Å for the Pd-N bond in 84, and 1.953(6) Å for the Pd-C bond and 2.108(5) for the 
Pd-N bond in 82. These values are comparable to those reported previously for related complexes 
with pyridine, imidazole, and methylimidazole in trans-position to the iPr2-bimy ligand.48,115 
 




Fig. 3.3. Molecular structures of 89·CHCl3 and 90·CHCl3 (hydrogen atoms and solvent 
molecules have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
 
Table 3.2. Selected bond lengths [Å] and angles [deg] in 82, 84, 89·CHCl3, and 84·CHCl3. 
 82 84 89·CHCl3 90·CHCl3 
Pd(1)-C(1) 1.953(6) 1.943(5) 1.950(8) 1.947(5) 
Pd(1)-Br(1) 2.4346(10) 2.4277(7) 2.4159(12) 2.4066(8) 
Pd(1)-Br(2) 2.4251(10) 2.4266(7) 2.4164(12) 2.4063(8) 
Pd(1)-N(3) 2.108(5) 2.090(4) 2.107(6) 2.097(4) 
C(1)-Pd(1)-Br(1) 87.79(19) 87.97(14) 88.4(2) 88.21(15) 
C(1)-Pd(1)-Br(2) 87.76(19) 87.33(14) 87.6(2) 88.52(16) 
Br(1)-Pd(1)-N(3) 91.36(17) 92.95(13) 90.97(17) 91.35(12) 
Br(2)-Pd(1)-N(3) 93.13(17) 91.76(13) 93.09(17) 91.94(13) 
C(1)-Pd(1)-N(3) 178.5(3) 178.93(19) 179.3(3) 179.5(2) 
Br(1)-Pd(1)-Br(2) 174.94(4) 174.75(3) 175.40(4) 175.25(3) 
 
In the 1H NMR spectra of complexes 81-90, the chemical shifts of the resonances attributable to 
the iPr2-bimy ligand differ pronouncedly from those in 30. Steric crowding around the metal 
center restricts rotation around the C-Pd and N-Pd bonds, generating magnetically inequivalent 
environments for the isopropyl wingtip substituents in the bimy ligand. Consequently, two sets of 
signals are observed. Both of these resonances are shifted upfield when compared to the starting 
material. In 30, the methine protons resonate at 6.54 ppm, while the corresponding two sets of 
resonances in 81-90 are found between 5.07 ppm and 6.26 ppm. In all complexes, one of the 
methine protons is significantly more upfield than the other, due to a shielding effect exerted by 
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the N-phenyl moiety in the pyrazole ligands. Such shielding effects of phenyl groups in transoid 
ligands on the wingtip substituents of NHC ligands have been documented before.116 The methyl 
moieties of the isopropyl wingtips are further removed from the phenyl ring in the pyrazole, thus 
upfield shifts are smaller in their case. Minor changes were observed for the resonances of the 
protons on the pyrazole core as well. For the pyrazoles 68-70, the drop in electron density caused 
by coordination to the metal center caused a minor downfield shift of the proton in 4-position. By 
contrast, in 81 and 82, the resonance of the same proton was shifted upfield when compared to 
the uncoordinated pyrazoles 63 and 64. In these pyrazoles bearing pi-donor substituents, the 
coordination might have cause a stronger mesomeric effect, increasing the ring electron density 
and improving the shielding of the proton in 4-position. 
In the 13C NMR spectra, chemical shifts of Ccarbene are of primary interest. For complexes 81-90, 
Ccarbene of the iPr2-bimy ligand resonates in a relatively narrow range from 160.8 ppm 87 to 
163.1 ppm in 85. The difference between the most strongly and the most weakly donating 
pyrazole ligand translates to a difference in chemical shift of only 2.3 ppm.  
 
 
Fig. 3.4. 13C NMR resonances of Ccarbene in complexes 81-90. 
 
Additionally, a closer inspection of the chemical shifts of all complexes reveals that 89 and 90 
both have identical chemical shifts of 161.8 ppm for Ccarbene, when given to the first decimal 
place. However, due to the sharpness of 13C peaks, it is nevertheless possible to distinguish all 
complexes umambiguously (Fig. 3.4). 
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The Ccarbene resonances in 81-90 fall in the same range observed for comparable aromatic nitrogen 
donor ligands. In the [PdBr2(iPr2-bimy)(pyridine)] complex, Ccarbene resonates at 160.0 ppm, 
because pyridine is a weaker donor than pyrazoles. By contrast, imidazole is a stronger donor 
than pyrazoles, and gives rise to a Ccarbene resonance in [PdBr2(iPr2-bimy)(imidazole)] at 
161.4 ppm.48 
The observed chemical shifts, and by consequence the electron densities at N2, follow chemical 
intuition. When considering the pyrazoles without halogen substituents in 4-position, the 
pyrazoles in order of increasing donor strength are 68 < 64 < 63 < 69 < 70. The most strongly 
donating ligand, 70, bears two isopropyl substituents, which have a strong positive inductive 
effect. The two methyl groups in 69, which is a weaker donor, provide less electron density to the 
pyrazole core than the isopropyl groups in 70. In 63 and 64, the negative inductive effects of the 
electronegative heteroatom substituents are compensated by their positive mesomeric effects. 
However, the donor strength of 64, which contains the more electronegative oxygen, is a weaker 
donor than the amine-substituted pyrazole 63. The weakest donor in this series is 68, due to the 
electron-withdrawing nature of three phenyl substituents. 
For the two series bearing different substituents in 4-position, the same trends can be observed. In 
the 3,5-dimethyl substituted series, the order of increasing donor strengths is 75 < 76 < 69. 
Bromine is more electronegative than iodine, which in turn is considerably more electronegative 
than hydrogen. Consequently, the bromo-substituted pyrazole 75 is a weaker donor than the iodo-
substituted pyrazole 76, and this one is a weaker donor than the unsubstituted pyrazole 69. The 
fact that the difference in inductive effect exerted by the substituent in 4-position on the pyrazole 
ring – five chemical bonds removed from Ccarbene – can still be picked up by the 13C NMR method 
illustrates the precision of this method. 
The series bearing phenyl-substituents shows generally more upfield Ccarbene chemical shifts in 
their complexes, but it also follows the donor strength pattern Br (72) < I (73) < H (68). 
However, there is an anomaly within this series. The chloro-substituted pyrazole 71 leads to a 
Ccarbene resonance at 160.9 ppm in 86, while this resonance in 87 is more upfield at 160.8 ppm, 
despite the less electronegative bromo-substituent in the pyrazole ligand 72 in this complex. 
Based on electronegativity arguments alone, 72 should be the stronger donor, not 71. This 
neglects positive mesomeric effects of the lone pairs on the substituents, however. Chlorine is 
smaller than bromine, allowing its lone pairs to overlap more efficiently with the orbitals on the 
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pyrazole core, thus enhancing the mesomeric effect. This can overcompensate the difference in 
inductive effects between chloro- and bromo-substituents, similarly to the observations for the 
ether- and amine-substituted pyrazoles 63 and 64. Taking this effect into consideration, a good 
agreement is found between the experimentally determined values, and predictions based on 
mesomeric and inductive effects of the substituents. 
3.1.3. Estimation of Nucleophilicities by Alkylation Experiments 
In order to rank the pyrazoles according to their relative nucleophilicities, they were tested for 
their reactivity with three electrophiles of increasing alkylating strength. Ethyl bromide is only a 
weak alkylating agent because of the poor leaving group. A stronger electrophile is ethyl iodide, 
since the more polarizable iodine can act as a better leaving group. The strongest alkylating agent 
tested was trimethyloxonium tetrafluoroborate. This compound, often referred to as Meerwein’s 
salt, is an exceptionally strong electrophile, and it can be expected to react with all pyrazoles 
independently of their electron density at nitrogen. 
Based on prior experiments, alkylations with ethyl halides were carried out by heating the 
pyrazoles to reflux in a large excess of alkylating agent, which also acted as the solvent, for 
3 days shielded from light to prevent photodecomposition reactions. The lower boiling point of 
ethyl bromide means that besides being a weaker alkylating agent, the reactions also had to be 
carried out at lower temperatures when compared to ethyl iodide. Alkylations with 
trimethyloxonium tetrafluoroborate were carried out in refluxing, anhydrous dichloromethane 
under an inert atmosphere, with reaction times of 15 h. (cf. Scheme 3.5). 
As a consequence of the high reactivity typical for Meerwein’s salt, almost all pyrazoles were 
alkylated by trimethyloxonium tetrafluoroborate (Table 3.3). The notable exception was the 
amine-substituted pyrazole 63, which yielded only a black oil of intractable decomposition 
products upon alkylation. A likely cause for this deviant behavior is the presence of the 
secondary amine functionality, which can be alkylated to both the tertiary amine and the 
quaternary ammonium salt, which then might undergo further decomposition steps. The yields 
for the other alkylation reactions fluctuated unsystematically and without apparent correlation to 
the ligand donor strengths. The steric shielding exerted by the substituent in 3-position differs 
between pyrazoles, which introduces another factor influencing the yields. More importantly, 
however, were difficulties associated with the workups. The alkylation reactions yielded crude, 
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oily mixtures, from which the pure product had to be isolated by repeated washing or 
precipitation steps. Slightly different properties of the pyrazolium salts made these workups 
unpredictable, and losses during workup cannot be estimated reliably. Therefore, differences in 
yields can not and should not be attributed solely to differences in donor strength of the 
nucleophile. 
 
Table 3.3. Reactivities of pyrazoles with various electrophiles. 
Entry Pyrazole Electrophile 
  EtBr EtI Me3OBF4 
1 72 0% 0% 70% 
2 71 0% 0% 37% 
3 73 0% 0% 67% 
4 68 0% 0% 55% 
5 89 0% 24%b 51% 
6 90 0% 50%a 80% 
7 64 0% Decompositionc 62% 
8 63 0% 58% Decompositiond 
9 69 7%b 99% 77% 
10 70 Traceb 75% 74% 
a
 literature value 117 . b obtained as a mixture of product and starting 
material; yield determined by 1H NMR spectroscopy. c methoxy moiety 
was replaced by ethoxy moiety, no alkylation product obtained. d 
intractable mixture of oily material. 
 
The same confounding factors that obscure any putative relationship between yields of alkylation 
products and the 13C NMR parameter were at play in the case of the alkylation with ethyl iodide. 
Albeit the more electron-rich pyrazoles gave higher yields, a linear relationship could not be 
established. For example, the alkylation of 69 proceeded in near-quantitative yield, while the 
more electron-rich pyrazole 70 was only alkylated in 70% yield. For the four most electron-poor 
pyrazoles 68 and 71-73, no alkylation products could be obtained, despite the large excess of 
alkylating agent, the harsh reaction conditions, and the prolonged reaction times. This 
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demonstrates unambiguously that there exists a threshold for the alkylation with ethyl iodide. 
Pyrazole 89 is slightly more nucleophilic, resulting in a yield of alkylated product of 24% under 
these conditions. Interestingly, the methoxy-substituted pyrazole 64 did not undergo clean 
alkylation, but instead the methoxy group was cleaved and replaced by an ethoxy group. This 
reaction was potentially driven by the formation of the more volatile methyl iodide as side 
product. 
With ethyl bromide, the weakest electrophile out of the three, no alkylation products were found 
for the majority of the pyrazoles. The only exceptions were the alkyl substituted pyrazoles 69 and 
70, which were converted to the pyrazolium salts in trace amounts, but yields were less than 10% 
even after reaction times of 3 days, and most of the starting material remained unchanged. 
Interestingly, for these two pyrazoles, the trends in yield were similar to the ones for the 
alkylation using ethyl iodide, with higher yields in the case of the less electron-rich, but sterically 
more accessible dimethyl substituted pyrazole 69 then with the more shielded diisopropyl 
pyrazole 70. This reinforces the notion that the steric bulk of the substituents, especially the one 
in 3-position, has a clear impact on the reactivity. 
 
 
Fig. 3.5. The electronic parameters of pyrazoles and their reactivity towards electrophiles. 
 
According to their reactivities with different electrophiles, the pyrazoles can be divided into three 
distinct groups (Fig. 3.5). The two compounds 69 and 70 with electronic parameters, i.e. Ccarbene 
resonances in trans-[PdBr2(iPr2-bimy)(pyrazole)], downfield of 162.9 ppm, show reactivity 
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towards even weak electrophiles such as ethyl bromide, and are readily alkylated by more 
reactive reagents. Pyrazoles with electronic parameters below this threshold, but above 
161.7 ppm, are not reactive towards ethyl bromide anymore, but still undergo alkylation with 
ethyl iodide and trimethyloxonium tetrafluoroborate. The four 1,3,5-triphenylpyrazoles 83 and 
86-88, which have electronic parameters upfield of 161.6 ppm, are the weakest nucleophiles and 
can only be alkylated by Meerwein’s salt. 
The agreement between chemical shift and reactivity is consistent throughout. This suggests that 
the 13C NMR parameter can be used to gauge the electron density at N2 of pyrazoles – and by 
extension of the argument, presumably other aromatic N-donor ligands as well – and predict their 
reactivity in alkylation reactions. 
3.2. Pyrazolin-5-ylidene Complexes of Palladium(II) 
A small number of pyrazolin-3-ylidene (or pyrazolin-5-ylidenes, in which the N-substituent with 
higher priority is adjacent to Ccarbene, pyry) complexes have been reported,40,118 usually with late 
transition metals, although chromium complexes have been reported as well.119 However, the 
structural diversity of these complexes is limited, and their preparation relies either on the use of 
not readily available metal alkoxides as basic metal precursors, oxidative additions to low-valent 
metal complexes, or metal-templated NHC syntheses on chromium followed by transmetallation 
steps. The silver carbene transfer reaction, a convenient method for the preparation of NHC 















Scheme 3.7. Retrosynthetic approach to unsummetrically substituted pyrazoles. 
 
While exploring the possibility of preparing pyrazoles with an unsymmetric 3,5-disubstitution 
pattern by means of Suzuki-Miyaura or Hartwig-Buchwald cross-coupling reactions to introduce 
aryl or cyclic tertiary amine substituents in 5-position (Scheme 3.7), the potential applications of 
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the required pyrazole coupling partners as precursor materials for the preparation of pyrazolin-5-
ylidenes by oxidative addition to palladium(0) precursors was realized.120 
3.2.1. Ligand Precursor Synthesis 
Similar to the syntheses of donor-functionalized pyrazoles 63 and 64, the introduction of 
functionalities which can undergo oxidative addition reactions to low-valent metal precursors 
(e.g. halogens, triflates, mesylates, tosylates) can be achieved by exploiting the enol-tautomer of 
1-phenyl-3-methyl-1H-pyrazol-5-one (61). The introduction of halogens can be achieved by 
reaction with phosphorus trihalides, or the more toxic phosphorus oxyhalides.121 To shorten the 
long reaction times required to obtain 5-chloropyrazole 104, the reaction was carried out using 
microwave heating, and indeed, after two hours, the desired product was formed together with 














CH2Cl2, 35 °C, 3 h
61104, 81% 105, 99%
 
Scheme 3.8. Introduction of reactive functionalities into pyrazol-5-one 61. 
 
The 5-trifluoromethanesulfonylpyrazole 105 could be obtained using a slightly modified reported 
procedure.122 The reaction of 61 with N-Phenylbis(trifluoromethanesulfoneimide) in the presence 
of triethylamine yielded 105 in quantitative yield. 
Given the electron-poor nature of 104 and 105, a strong alkylating agent is required to convert 
them into the pyrazolium salts.113 Therefore, trimethyloxonium tetrafluoroborate was the reagent 
of choice. In line with previous observations, the reactivity of these two compounds was low, 
despite the relatively low steric bulk of the methyl substitutent in 3-position, and only moderate 
yields were obtained (Scheme 3.9). By contrast, the considerably more electron-rich pyrazole 106 
yielded pyrazolium salt 109 in quantitative yield. The latter salt cannot undergo oxidative 
additions, but the acidic proton in 5-position allows the generation of carbenes by (in situ) 
deprotonation. An alternative route to pyrazolin-5-ylidene complexes can thus be explored and 
compared to the oxidative addition protocol. 
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X = OTf, 105
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Scheme 3.9. Alkylation of pyrazoles 104-105. 
 
The pyrazolium salts 107-109 were obtained as colorless solids after precipitation and washing 
with diethyl ether. When exposed to the atmosphere, they were found to be slightly hygroscopic. 
All three compounds are readily soluble in chlorinated solvents, as well as alcohols, acetonitrile 
and DMSO, but their solubility in ethereal solvents and hydrocarbons are low. 
3.2.2. Synthesis of a Cationic Palladium(II) Complex by Oxidative Addition 
During the synthesis of six-membered ring rNHC complexes of group 10 metals, Raubenheimer 
at al. noticed that in certain cases, the oxidative addition of chloroquinolinium and 
chloropyridinium salts did not yield the expected complexes, but instead lead to decomposition to 
palladium black. In these cases, the oxidative addition to chloroquinolines or chloropyridines 
furnished complexes bearing a chlorido and an aryl ligand, which was subsequently alkylated to 
give an NHC.43d Both approaches, i.e. the oxidative addition of 104 and 105 to [Pd(PPh3)4] 
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Scheme 3.10. Attempted oxidative addition of pyrazoles 104 and 105 to [Pd(PPh3)4]. 
 
The attempts at oxidative additions of neutral pyrazoles 104 and 105 to tetrakis-
(triphenylphosphine)palladium(0) were not successful. In the case of 5-chloropyrazole 104, the 
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rapid formation of palladium black was observed, and no identifiable material could be isolated 
from the reaction mixture. With 105, the formation of palladium black was less pronounced, and 
a white solid could be isolated. Spectroscopic and ESI-MS data were inconsistent with the 
desired pyrazolyl complex 111. However, the 1H NMR spectrum showed peaks corresponding to 
21 aromatic protons as well as a singlet corresponding to three protons in the region typical for 
the methyl substituents in 3-position on the pyrazole ring. A single peak in the 19F spectrum at  
-2.10 ppm indicated the presence of a triflate anion, and a singlet at 9.88 ppm in the 31P NMR 
confirmed the presence of at least one phosphorus atom, although the chemical shift of the latter 
signal ruled out a metal-bound phosphine ligand. Instead, it is more consistent with phosphonium 
salt 114 (Fig. 3.6).123 The cationic unit of this salt was indeed observed as the only peak in ESI-







Fig. 3.6. Side product in the oxidative addition of 105 to [Pd(PPh3)4]. 
 
Due to apparent instability of pyrazolyl complexes 110 and 111, the step-wise approach was not 
pursued any longer, and attention focused on the oxidative addition on the pyrazolium salts 107 
and 108 instead (Scheme 3.11). The 5-chloropyrazolium salt 107 failed to react, and only 
intractable mixtures of decomposition product were obtained. By contrast, reaction of 108 gave a 
material with spectroscopic properties consistent with the desired NHC complex. However, ESI-
MS spectroscopy showed a cationic peak with the distinct isotopic pattern of a palladium 
complex at 837 m/z. In this coordination unit, a chlorido coligand is bound to the palladium(II) 
center besides the pyrazolin-5-ylidene and two triphenylphosphine ligands, despite the absence of 
chlorine in the starting material. Since dichloromethane was used for this reaction, the solvent is 
the most probable source of this additional ligand. The weakly coordination triflate anion, which 
can still be observed in the 19F spectra of the final product as counteranion besides 
tetrafluoroborate, is unable to displace the chlorido ligands.  




Scheme 3.11. Oxidative addition of pyrazolium salt 107 to [Pd(PPh3)4]. 
 
Since the initial yield of 112 was a disappointingly low 23%, TBACl was added to the reaction 
mixture as an external chlorine source, in the hope that this would be more efficient at providing 
stabilizing chlorido ligands than the traces of hydrochloric acid naturally present in 
dichloromethane. Indeed, 112 could be isolated in 52% yield using a slightly modified protocol 
(Scheme 3.12).  
The complex was obtained as a microcrystalline, off-white solid. Its solubility in chlorinated 
solvents and polar aprotic organic solvents was good, and it was insoluble in ethereal solvents 
and hydrocarbons. In the 1H NMR spectrum, pronounced changes in the chemical shifts of the 
methyl groups on the pyrazole ring were observed, when compared to the starting material. The 
resonance of the nitrogen-bound methyl group shifted upfield, from 3.77 ppm in 108 to 3.35 ppm 
in 112. The changes for the methyl group in 3-position were even more pronounced, with a 
change from 2.67 ppm in the starting material to 2.05 ppm in the product. Remarkably, no 
significant changes in the chemical shift of H-4 were observed, despite being directly adjacent to 
Ccarbene in the product. 
In the 13C NMR spectrum, the Ccarbene resonance was observed at 165.6 ppm. For a structurally 
related pyrazolin-3-ylidene complex of palladium(II), Herrmann et al. reported a chemical shift 
of 161.1 ppm, which falls into the same range as the value found for 112.40a The 31P spectrum 
showed a single resonance at 22.9 ppm. This shift is virtually identical to the 22.7 ppm reported 
for Herrmann’s compound, and a clear indication for the trans-arrangement of the phosphine 
ligands. In the 19F spectrum, the typical signals for both the tetrafluoroborate and the triflate 
anions were observed, and elemental analysis confirmed the presence of these two anions. Two-
thirds of the counteranions in 112 are BF4-, and the remainder consists of OTf-. 
 

















Scheme 3.12. Improved synthesis of the cationic pyrazolin-5-ylidene complex 112. 
 
Single crystals suitable for X-ray diffraction analysis were obtained by slow evaporation of a 
concentrated dichloromethane/hexane solution of 112. The molecular structure of the cationic 
coordination unit confirmed the trans-arrangement of the phosphine ligands, based on NMR 
spectroscopy (Fig. 3.7). 
 
 
Fig. 3.7. Molecular structure of the cationic coordination unit in 112 (hydrogen atoms and 
counteranions have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
Selected bond lengths [Å] and angles [°]: Pd1-C1 1.987(3), Pd1-P1 2.333(1), Pd1-P2 2.33(1), 
Pd1-Cl1 2.346(1); C1-Pd1-P1 90.2(1), C1-Pd1-P2 94.8(1), P1-Pd1-Cl1 86.80(4), P2-Pd1-Cl1 
88.23(4), C1-Pd1-Cl(1) 176.9(1), P1-Pd1-P2 174.97(4). 
 
The square-planar coordination geometry of palladium is slightly distorted, with C1-Pd1-P1/2 
angles exceeding 90°. Due to their steric bulk, especially of triphenylphosphine, these ligands 
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bend away from each other. The Pd-C bond is 1.987(3) Å long, the Pd-Cl bond measures 
2.346(1) Å, and the Pd-P bonds are on average 2.33 Å long. These values are similar to those 
reported for related compounds.40a 
3.2.3. Synthesis of Neutral Palladium(II) Complexes by Silver Carbene Transfer 
While oxidative addition of 108 to palladium(0) gave a pyrazolin-5-ylidene complex in moderate 
yield, this approach is limited by the need for additional donor ligands in order to prevent 
decomposition of the metal source under the reaction conditions. A more versatile and milder 
approach would be the silver carbene transfer method.63a The acidity of H-5 pyrazolium salt 109 
was high enough to react with silver oxide, if TBAB as an external bromide source to facilitate 
the formation of silver(I) complex 115, was added to the reaction mixture (Scheme 3.13). This 
silver(I) complex was found to be photo- and thermolabile, and its low stability foiled every 
attempt at isolation an characterization. The only evidence for its formation was indirect, by 
observation of the [Ag(NHC)2]+ cation at 451 m/z, which results from ligand redistribution 
processes commonly observed in silver(I) NHC complexes. 
 
 
Scheme 3.13. Synthesis of a silver(I) pyry complex and transmetallation to palladium(II). 
 
Despite hampering the isolation of 115, the exceptional lability of the Ag-C bond in in silver(I) 
NHC complexes enabled the transmetallation to palladium(II), a reaction which gains additional 
driving force from the precipitation of insoluble silver(I) bromide. In the reaction of 115 with 
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dimeric [PdBr2(iPr2-bimy)]2 (30),29 the µ-bromido bridges in the latter were cleaved and a hetero-
bis(NHC) palladium(II) complex 116 was obtained in good yield. As described above, the 
chemical shift of Ccarbene in the bimy ligand provides a measure for ligand donor strength of the 
transoid ligand, allowing the characterization of the electron-donating properties of the pyry 
ligand.48 Equally efficient was the transmetallation to [PdBr2(acetonitrile)2], which was freshly 
prepared prior to the reaction by dissolving palladium(II) bromide in hot acetonitrile. With a 
stochiometric ration of 115 to palladium(II) of 1:1, complex 117 was isolated in good yield. 
Stochiometric ratios of 2:1 did not lead to the expected formation of the corresponding homo-
bis(NHC) palladium(II) complex, but gave rise to highly insoluble, off-white materials, which 
resisted attempts at structure elucidation. 
While both complexes were obtained as yellow solids, their solubilities are vastly different. Both 
complexes are insoluble in hydrocarbons and ethereal solvents. The hetero-bis(NHC) complex 
116 is very soluble in aprotic polar organic solvents and chlorinated solvents, while the 
acetonitrile adduct 117 could only be dissolved in coordinating solvents. In the latter, the 
acetonitrile ligand is weakly bound, and if it dissociates off, highly insoluble aggregates are 
formed. 
The formation of complexes 116 and 117 is unambiguously confirmed by the absence of the 
doublet at 7.91 ppm in their spectra, which can be attributed to H-5 in the 1H NMR spectrum of 
109. The 1H NMR chemical shift of the neighbouring proton H-4 is shifted upfield by 0.2-0.3 
ppm upon complexation, and due to the loss of a coupling partner, shows a singlet instead of the 
doublet found in the spectrum of the starting material. Similar to the changes observed in spectral 
characteristics upon the oxidative addition which yielded 112, the resonances due to the methyl 
groups of the pyry ligand also experience slight upfield shifts. 
The 13C NMR spectrum of 116 showed two Ccarbene resonances, one at 182.8 ppm and one at 
175.4 ppm. By comparison to structurally related complexes, the former can be assigned to the 
iPr2-bimy ligand, while the later is the carbene carbon resonance in the pyrazolin-5-ylidene 
ligand.48 Based on the Ccarbene chemical shift of the iPr2-bimy ligand in 116, the donor strength of 
the pyrazolin-5-ylidene ligand can be estimated. In line with the results from theoretical 
chemistry presented in chapter 2, this pyrazole-derived NHC gives rise to an exceptionally far 
downfield Ccarbene resonance, placing it among the strongest donors analyzed by the 13C NMR 
method so far due to its reduced heteroatom stabilization. 
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For 117, the Ccarbene signal in its 13C NMR spectrum is observed at 150.0 ppm. Compared to the 
chemical shift of 175.4 ppm found for the carbene carbon in the pyry ligand in 116, this 
considerably more upfield resonance reflects the poor electron-donating capabilities of the 
acetonitrile ligand, and the weakness of the Pd-N bond in this complex. 
This weak metal-ligand bond made complex 117 a versatile intermediate for the synthesis of 
other pyrazolin-5-ylidene compexes, since the acetonitrile ligand can be readily replaced by a 
wide variety of other ligands (Scheme 3.14). 
 
 
Scheme 3.14. Structural diversity by ligand substitution reactions starting from complex 115. 
 
The addition of pyridine or triphenylphosphine to a suspension of 117 in dichloromethane lead to 
the rapid formation of the pyridine complex 118 or the triphenylphosphine complex 119, 
respectively. The reaction could be monitored by observing the colour change from orange-
yellow to pale yellow, and the disappearance of undissolved material. Both trans-
[PdBr2(pyridine)(pyry)] and cis-[PdBr2(PPh3)(pyry)] were obtained after short reaction times of 
only 30 min at ambient temperature in quantitative yields.  
The introduction of the sterically demanding 1,3-dibenzhydrylbenzimidazolin-2-ylidene (Bh2-
bimy) ligand was possible via a second silver carbene transfer step. A solution of the silver(I) 
Bh2-bimy was prepared freshly by reaction of the benzimidazolium salt with silver(I) oxide,124 
followed by a rapid transmetallation to 117, which was completed within one hour. The hetero-
bis(NHC) complex 120 was obtained quantitatively. 
Similar silver carbene transfer reactions failed for imidazolin-2-ylidenes and imidazolidin-2-
ylidenes. The reaction between freshly prepared silver(I) NHC complexes incorporating 1,3-
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diisopropylphenylimidazolin-2-ylidene (IPr), 1,3-dimesitylimidazolin-2-ylidene (IMes) as well as 
their unsaturated congeners 1,3-diisopropylphenylimidazolindin-2-ylidene (SIPr) and 1,3-
dimesitylimidazolidin-2-ylidene (SIMes) failed to give the desired hetero-bis(NHC) complexes 
by transmetallation to the metal center in 117. No precipitation of silver(I) bromide was 
observed, and the known silver(I) complexes of these four NHCs could be isolated from the 
reaction mixture.125 Even forcing reaction conditions, such as heating a mixture of 117 and the 
respective silver(I) NHC complexes for a prolonged period to reflux in acetonitrile did not lead to 
the desired results. It seems that the relatively high stability of these silver(I) NHC complexes 
prevents the transmetallation reaction from occurring. 
However, imidazolin-2-ylidenes are not prone to dimerization as free carbenes, and the steric 
bulk of the wingtip substituents in the imidazolidin-2-ylidene ligands of interest also prevents 
dimerization. Therefore, solutions of free NHCs could be generated in situ by deprotonation of 
the respective azolium salts by potassium tert-butoxide in anhydrous THF. Addition of 117 to 
these solutions yielded complexes 121-123. For the two imidazolin-2-ylidene ligands IPr and 
IMes, near-quantitative yields were obtained (121 and 123), while the unsaturated carbene SIPr, 
only 86% of the hetero-bis(NHC) complex 122 could be isolated. For SIMes, only complex 
mixtures were obtained under identical reaction conditions. This might reflect the lower 
electronic and steric stabilization of this free carbene. Complexes 120-123, along with 116, are 
the first examples of hetero-bis(NHC) complexes incorporating a pyrazolin-5-ylidene ligand. 
 
 
Scheme 3.15. Preparation of bis(pyry) palladium(II) complex 122. 
 
Starting from complex 117, the homo-bis(NHC) complex 124 could be prepared as well by 
means of a second silver transfer reaction involving pyrazolium salt 109 (Scheme 3.15). This 
complex had proven to be elusive, when the introduction of both pyry ligands was attempted by a 
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single-step reaction using two equivalents of silver(I) NHC complex 115 and 
[PdBr2(acetonitrile)2]. 
Complexes 119-124 were all isolated as yellow solids, with solubilities comparable to the hetero-
bis(NHC) complex 116. The notable exceptions were 119 and 124, which showed reduced 
solubilities in most solvents when compared to the other complexes, with the exception of 
DMSO. These complexes were found to adopt a cis-geometry (vide infra), in contrast to the 
trans-geometry prevailing for the other complexes. The higher dipole moment associated with 
cis-geometries renders them less soluble in relatively non-polar solvents such as 
dichloromethane, which readily dissolves trans-hetero-bis(NHC) complexes of palladium(II).  
In the 1H NMR spectra of 118-120 and 124, the signals attributable to the pyry ligand are very 
similar to the ones observed in 116, and chemicals shifts differ by less than 0.1 ppm. The 
incorporation of the relatively bulky IPr, SIPr and IMes ligands changes this, however. In the 
spectra of complexes 121-123, the protons in the pyrazolin-5-ylidene ligand resonate at 0.2 – 
0.3 ppm more upfield chemical shifts due to the shielding effect of the aryl wingtip groups in the 
additional NHC ligand. Additionally, signal broadening occurs due to steric congestion., which 
effects the isopropyl and methyl moieties on the aryl wingtip substituents of the imidazolin-2-
ylidene and imidazolidin-2-ylidene ligands. 
The changes in the 13C NMR spectra were highly systematic (Table 3.4). The replacement of the 
weakly donating NHC ligand by stronger donors consistently lead to a downfield shift of the 
Ccarbene resonance in the pyry ligand. The underlying mechanism is identical to the one at work in 
the trans-[PdBr2(iPr2-bimy)(L)] used for the determination of ligand donor strengths.39e,48,51,115  
The Ccarbene chemical shift of 150.0 ppm in 117 changes to a more downfield resonance of 154.1 
ppm in complex 118, which includes the more strongly donating pyridine ligand. The five hetero-
bis(NHC) palladium(II) complexes show Ccarbene resonances attributable to the pyry ligand in the 
range from 172.6 ppm to 175.4 ppm. Despite this relatively narrow range of 2.8 ppm, the NHC 
ligands in trans-position to pyry can be unambiguously distinguished from each other, and 
ranked according to their respective ligand donor strengths. Increasingly more downfield Ccarbene 
resonances are found for stronger donors, starting from the weakest donor IMes, followed by IPr, 
SIPr, Bh2-bimy, and finally the strongest donor iPr2-bimy. 
Complexes 119 and 124 differ from their counterparts mentioned before in their coordination 
geometry, and due to their low solubilities in chloroform, the NMR spectra for these compounds 
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were recorded in different solvents. Despite these systematic errors, the pyry Ccarbene resonances 
in these complexes still fit within the general trend. The triphenylphosphine complex 119 has a 
Ccarbene resonance at 166.5 ppm, and triphenylphosphine is a stronger donor than pyridine, but 
weaker than NHCs. For complex 124, the Ccarbene resonance is found at 181.8 ppm, which reflects 
the highly electron-rich nature of the pyrazolin-5-ylidene ligand. 
 
Table 3.4. Ccarbene chemical shifts [ppm] in complexes 112 and 116-124.a 
Complex Pyry NHC 
112 165.6 - 
116 175.4 182.8 (iPr2-bimy) 
117 150.0 - 
118 153.0b - 
119 166.5 - 
120 174.3 189.7 (Bh2-bimy) 
121 173.2 179.4 (IPr) 
122 173.4 207.6 (SIPr) 
123 172.6 176.6 (IMes) 
124 181.8c - 
a
 recorded in CDCl3. b  recorded in CD2Cl2. c recorded in 
DMSO-d6. 
 
The Ccarbene resonances of the other NHC ligand in complexes 116 and 120-123 differ 
considerably depending on their respective backbones. The imidazolin-2-ylidene Ccarbene 
resonances in 121 and 123 are found at 179.4 ppm and 176.6 ppm, respectively, the imidazolidin-
2-ylidene in complex 122 shows a chemical shift of 207.6 ppm for Ccarbene, and the Ccarbene 
chemical shifts for the benzimidazolin-2-ylidene are 182.8 ppm in 116 and 189.7 ppm in 120. 
Single crystals suitable for X-ray diffraction analysis of complexes 116, 117, 121, 122, and 124 
were obtained by slow evaporation of concentrated dichloromethane/hexane or 
dichloromethane/actonitrile solutions, while the slow diffusion of diethyl ether into concentrated 
dichloromethane solutions yielded single crystals of complexes 118 and 119. 
With the exception of the mixed NHC-triphenylphosphine complex 119 and the homo-bis(NHC) 
complex 124, all complexes adopted a trans-arrangement. In mixed NHC-phosphine complexes, 
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it is usually observed that the phosphine ligand avoids the position trans to the carbene, an 
observation termed transphobia and rooted in the electronic structure of these complexes.42d,126 In 
the case of 124, the trans-influence of the strongly donating NHCs, combined with the low steric 
bulk of the ligands, also favors the cis-arrangement (vide infra). 
 
 
Fig. 3.8. Molecular structures of the solvent adducts 117 and 118·CH2Cl2 (hydrogen atoms and 
solvent molecules have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
 
Table 3.5. Selected bond lengths [Å] and angles [deg] in 117 and 118·CH2Cl2. 
 117 118·CH2Cl2 
Pd1-C1 1.950(2) 1.962(2) 
Pd1-N3 2.083(3) 2.104(4) 
Pd1-Br1 2.4289(3) 2.4376(4) 
Pd1-Br2 2.4279(3) 2.4294(4) 
C1-Pd1-Br1 89.08(7) 89.12(6) 
C1-Pd1-Br2 88.88(7) 88.65(6) 
Br1-Pd1-N3 92.18(6) 92.39(5) 
Br2-Pd1-N3 89.86(6) 89.91(5) 
C1-Pd1-N3 178.50(9) 177.88(8) 
Br1-Pd1-Br2 177.80(1) 176.83(1) 
 
For the solvent adducts, which incorporate the sterically unassuming nitrogen donors acetonitrile 
and pyridine, only marginally distorted square-planar coordination geometries were found (Fig. 
3.8). In each case, the nitrogen donor is located in the position trans to the pyrazolin-5-ylidene 
3. Palladium(II) Complexes bearing Pyrazole-derived Ligands 
 
 83 
ligand. The palladium(II) center is less electron-rich than in the cationic bis(triphenylphosphine) 
complex 112, and the higher Lewis acidity of the metal translates into shorter Pd-C bond lengths 
of 1.950(2) Å in 117 and 1.962(2) Å in 118. In the latter complex, a dihedral angle of 6.5(2)° is 
found between the planes defined by the pyrazolin-5-ylidene and the pyridine ring systems. 
Selected bond distances and angles for 117 and 118 are given in table 3.5. 
 
 
Fig. 3.9. Molecular structures of the cis-complexes 119·CH2Cl2 and 124·CH2Cl2 (hydrogen 
atoms and solvent molecules have been omitted for clarity, thermal ellipsoids are drawn at 50% 
probability). 
 
Complexes 119 and 124 were equally found to be square-planar, but with a cis-arrangement of 
the ligands because of transphobia (Fig. 3.9). Since the pyry ligands are located trans to  bromido 
coligands in these complexes, they experience comparable degrees of trans-influence and by 
consequence, the Pd-C bonds in these complexes are very similar in lengths. In 119, a Pd-C 
distance of 1.977(5) Å was found, while in the slightly more electron-rich complex 124, the 
average Pd-C bond length was 1.979 Å. The bulky triphenylphosphine ligand does not distort the 
coordination geometry significantly due to the small size of the pyry ligand. The angle between 
the NHC and the phosphine was found to be only marginally enlarged from the ideal geometry, 
with a value of 92.0(2)°, and the NHC plane has an almost perpendicular angle to the 
coordination plane defined by palladium and the bromido coligands, with a dihedral angle of 
87.6(5)°. In 124, the C1-Pd1-C12 angle between the NHC ligands is closer to the ideal 90°, 
reflecting the smaller size of the pyry ligands, which allows them to get closer to each other. 
However, to avoid unfavourable steric interactions between the phenyl wingtip substituents, the 
3. Palladium(II) Complexes bearing Pyrazole-derived Ligands 
 
 84 
NHCs adopt an anti-arrangement, and are tilted by 52.3(4)° abd 57.0(4)° with respect to the 
coordination plane. More detailed data is given in table 3.6. 
 
Table 3.6. Selected bond lengths [Å] and angles [deg] in 119·CH2Cl2 and 124·CH2Cl2. 
 119·CH2Cl2 124·CH2Cl2 
Pd1-C1 1.977(5) 1.978(4) 
Pd1-P1/C12 2.255(2) 1.980(4) 
Pd1-Br1 2.4971(8) 2.4935(6) 
Pd1-Br2 2.4878(6) 2.5191(5) 
C1-Pd1-P1/C12 92.0(2) 89.3(2) 
C1-Pd1-Br1 88.0(2) 87.9(1) 
Br1-Pd1-Br2 91.06(2) 82.23(2) 
Br2-Pd1-P1/C12 89.91(4) 90.7(1) 
C1-Pd1-Br2 171.1(2) 173.8(1) 
P1/C12-Pd1-Br1 173.47(4) 176.6(1) 
 
 
Similar to the complexes with nitrogen donors, the hetero-bis(NHC) complexes 116, 121, and 
122 are trans-complexes (Fig. 3.10). However, the additional NHC ligands are stronger donors 
and exert more trans-influence, which results in longer Pd-Cpyry bonds than found in 117 and 118. 
These bonds range from 1.989(5) Å in the IPr complex 121 to 2.030(5) Å in the iPr2-bimy 
complex 116, and follow the order in NHC ligand donor strength established by the chemical 
shift of Ccarbene in the pyrazolin-5-ylidene ligand (vide supra). 
The Pd-C bond to the other NHC ligands were less varied in lengths than the Pd-Cpyry bonds. The 
shortest bond is found with the iPr2-bimy ligand in complex 116, with a Pd-C distance of 
2.031(5) Å, and the longest bond exists in the SIPr complex 122 and measures 2.049(4) Å. No 
obvious connection exists between steric or electronic parameters of the ligands and these bond 
lengths. 
The planes defined by the NHC rings are at acute angles to the coordination planes of the 
complexes, and twisted with respect to each other to minimize steric congestion. The bulky IPr 
and SIPr ligands in 121 and 122 enforce larger dihedral angles of 30.9(6)° and 43.2(4)°, 
respectively, while the less bulky iPr2-bimy ligand in leads to a smaller twist of only 17.8(5)°. 
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The latter complex bears a close resemblance to the pyrazole complex 84, to which it is isomeric, 
and the other pyrazole complexes 82, 89, and 90 described above. 
 
 
Fig. 3.10. Molecular structures of the hetero-bis(NHC) complexes 116, 121, and 122 (Hydrogen 
atoms, with the exception of those on C-4 and C-5 in 121 and 122, have been omitted for clarity. 
Thermal ellipsoids are drawn at 50% probability. 122 was obtained as a cocrystal with 
[PdBr2(SIPr)]2, the structure of which is not shown here). 
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Table 3.7. Selected bond lengths [Å] and angles [deg] in 116, 121, and 122. 
 116 121 122 (cocrystal) 
Pd1-C1 2.031(5) 2.040(4) 2.049(4) 
Pd1-Cpyry 2.030(5) 1.989(5) 2.007(4) 
Pd1-Br1 2.4325(7) 2.4343(9) 2.4267(5) 
Pd1-Br2 2.4339(7) 2.4430(9) 2.4289(4) 
C1-Pd1-Br1 91.2(1) 95.5(1) 88.59(9) 
C1-Pd1-Br2 89.4(1) 89.2(1) 96.68(9) 
Br1-Pd1-Cpyry 88.3(1) 87.2(2) 88.3(1) 
Br2-Pd1-Cpyry 91.2(1) 88.2(2) 86.54(9) 
C1-Pd1-Cpyry 179.0(2) 1175.4(2) 173.8(1) 
Br1-Pd1-Br2 174.55(2) 174.85(3) 174.66(2) 
 
3.2.4. Applications as Catalysts for the Direct Arylation of Pentafluorobenzene 
Direct arylations of acidic C-H bonds in fluorinated arenes or heteroarenes are a convenient way 
to synthesize biaryls by means of C-C cross-coupling, without the need for an organometallic 
cross-coupling reagent. Additionally, the byproducts associated with classical cross-coupling 
methods are avoided in this approach.127 Following the recent discovery that hetero-bis(NHC) 
complexes of palladium(II) can catalyze this reaction,39e the question arose whether the 
pyrazolin-5-ylidene complexes are also able to act as catalysts for this transformation. 
 
 
Scheme 3.16. Direct arylation of pentafluorobenzene. 
 
As a benchmark reaction, the coupling between pentafluorobenzene (125) and 4-bromotoluene 
(126) was chosen, and the same reaction conditions and reagents as in previous reports were 
used. The substrates were coupled at 120 °C, using a precatalyst loading of 0.5 mol%, K2CO3 as 
base, and 0.2 mL DMA per 1.0 mmol substrate as a solvent. It became quickly apparent that the 
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degradation of the catalyst into catalytically inactive colloidal palladium species was the main 
factor hampering the reaction. To suppress this catalyst deactivation pathway, the reaction 
mixtures were diluted in order to slow aggregation reactions. As a result, the yields increased 
from the initially observed 37% to 57% for complex 112, and all further reactions were carried 
out at this higher dilution (Table 3.8) 
 
Table 3.8. Precatalyst screening for the direct arylation of pentafluorobenzene.a 
Entry Precatalyst Yield (%)b 
1 - 0 
2c 112 39 
3 112 57 
4 116 68 
5 117 45 
6 118 55 
7 119 71 
8 120 44 
9 121 69 
10 122 80 
11 123 54 
12 124 42 
a Reaction conditions: 0.5 mol% precatalyst, K2CO3 (1.1 equiv.), pentafluorobenzene 
(1.1 equiv.), 4-bromotoluene (0.6 mmol), DMA (2 mL), 120°C, 24 h. b Isolated yields, 
average of two runs. c 200 µL DMA, 0.3 mmol 4-bromotoluene. 
 
The initial screening showed catalytic activity for all complexes, while no product could be 
detected in the absence of a precatalyst. The precatalysts are structurally very diverse, making it 
difficult to understand the structure-activity relationships at work in this reaction. However, it is 
apparent that only moderate yields were obtained with the nitrogen donor complexes 117 and 118 
as well as the cationic complex 112. While the former two complexes were presumable 
insufficiently stabilized by the weakly coordinated acetonitrile or pyridine ligands, the steric bulk 
and coordinative saturation of the latter complex might have lead to reduced reactivity. Among 
the bis(NHC) complexes 116 and 120-124, as well as the mixed NHC-phosphine complex 119, 
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complexes with a coligand of moderate steric bulk performed best. Complex 120, incorporating 
the very bulky Bh2-bimy ligand, and complexes 123 and 124, with the sterically somewhat less 
bulky IMes ligand and the very slender pyry ligand, respectively, performed less well than 116, 
119, 121 and 122. Due to the presence of the sterically bulky and relatively electron-rich SIPr 
ligand in 122, this complex gave the highest yield of 80%, similar to other reported catalysts.39e 
 
Table 3.9. Optimization of reaction conditions for the direct arylation.a 
Entry Catalyst Solvent Base T (°C) Yield (%)b 
1 122 DMA K2CO3 120 80 
2 122 DMA K2CO3 80 36 
3 122 DMA K2CO3 100 51 
4 122 DMA K2CO3 130 65 
5 122 DMA K2CO3 140 58 
6 122 DMA Cs2CO3 120 61 
7 122 DMA KHCO3 120 42 
8 122 DMA KOH 120 49 
9 122 DMA NEt3 120 0 
10 122 DMA DBU 120 1 
11 122 DMSO K2CO3 120 0 
12 122 Toluene K2CO3 120 2 
13 122 1,4-Dioxane K2CO3 120 0 
14c 122 DMA K2CO3 120 3 
a
 Reaction conditions: 0.5 mol% precatalyst, base (1.1 equiv.), pentafluorobenzene 
(1.1 equiv.), 4-bromotoluene (0.6 mmol), solvent (2 mL), 24 h. b Isolated yields, average 
of two runs. c 1.5 h, microwave heating. 
 
Attempts at optimizing the reaction conditions further, using the best-performing complex 122 as 
precatalyst, focused initially on the temperature (Table 3.9, entries 2-5 and 14). However, 
temperatures both above and below the initially used 120 °C lead to a drop in yield. At lower 
temperatures, the reaction rates are reduced, leading to lower turnover frequencies and 
consequently to the observed lower yields. By contrast, temperatures exceeding 120 °C accelerate 
the decomposition of the catalytically active species into inactive aggregates, thus reducing 
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catalyst turnover. This faster decomposition is not outbalanced by faster reaction rates, and lower 
yields are the result. Microwave heating, in combination with a shorter reaction time, was also 
explored as an alternative to conventional heating. In contrast to the microwave reactions 
described above, no acceleration was observed, and only trace amounts of product could be 
isolated after 1.5 h. 
The next parameter that was varied was the nature of base (entries 6-10). When the use of 
potassium carbonate yielded 80% of biaryl 127 in the initial screening, other inorganic bases such 
as cesium carbonate, potassium bicarbonate, and potassium hydroxide gave only moderate yields. 
Organic bases such as triethylamine and diazabicycloundecen (DBU) performed even worse, and 
only trace amounts of product were observed, if at all. These results can be understood by 
considering the proposed mechanism, in which a carbonate anion plays a crucial role as metal-
bound base, which deprotonates the pentafluorobenzene.128 
A small number of other high-boiling solvents, i.e. DMSO, toluene, and 1,4-dioxane were 
screened as alternatives to DMA (entries 11-13). Neither of these three solvents was as efficient 
as DMA at stabilizing the catalytically active species, and the rapid formation of palladium black 
under reaction conditions forshadowed the low yields which were obtained after workup.  
It is evident that the initial reaction conditions were already the optimum for this transformation, 
and no further attempts were made to improve them. Instead, the substrate scope of the direct 
arylation was explored with respect to the bromoarene coupling partner (Table 3.10). 
Electron-rich bromoarenes, such as the initially used 4-bromotoluene, gave good yields of biaryl. 
This was true for both methoxy- and phenyl-substituted bromoarenes, as long as the donating 
substituent was located in para- or meta-position. If it was located in ortho-position, steric 
repulsion hindered the oxidative addition despite the electron-rich nature of the bromoarene, and 
consequently, no biaryl formation was observed with 2-bromotoluene and 2-
methoxybromobenzene (entries 1-6). 
Only moderate yields were observed with electronically neutral (entry 7) or electron-poor 
bromoarenes (entries 8-13), confirming that the oxidative addition is most likely the rate-
determining step in this reaction. Interstingly, the electron-poor 4-chlorobromobenzene yielded 
exlusively chlorinated biaryl instead of the para-terphenyl resulting from double cross-coupling 
(entry 13). Despite an increase of electron density in the arene upon replacement of bromine with 
phenyl, no reaction occurred with the chloro-substituent. This demonstarates that arylation of 
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chloroarenes is not possible with precatalyst 122. By contrast, when the almost equally electron-
poor 1,3-dibromobenzene was used as a substrate, only meta-terphenyl was isolated, despite a 
slightly higher steric hindrance in the intermediate 3-phenylbromobenzene (entry 4). Finally, 
heteroarenes, which are not only electron-poor substrates but also potential catalyst poisons, 
could not be cross-coupled at all. 
 
Table 3.10. Substrate scope of the direct arylation catalyzed by 122.a 
Entry Aryl halide Yield (%)b  Entry Aryl halide Yield (%)b 
1 Br
 





















































a Reaction conditions: 0.5 mol% 122, K2CO3 (1.1 equiv.), pentafluorobenzene (1.1 equiv.), 4-
bromotoluene (0.6 mmol), DMA (2 mL), 120°C, 24 h.  b Isolated yields, average of two runs. 
c K2CO3 (2.2 equiv.), pentafluorobenzene (2.2 equiv.). d Mono-coupled product. e Doubly-
coupled product. 
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4. Indazolin-3-ylidene Complexes of Palladium(II) 
Indazole formally derives from pyrazole by benzannelation. Similar to benzimidazolin-2-
ylidenes, which are less electron-rich than their non-benzannelated analogues imidazolin-2-
ylidenes, the NHCs derived from indazole – indazolin-3-ylidenes – are a weaker donor than 
pyrazolin-3-ylidenes.48 However, indazolin-3-ylidenes (indy) possess only one nitrogen atom 
adjacent to Ccarbene, making them considerably stronger donors than NHCs with two stabilizing 
heteroatoms. 
The earliest work done in the field of indy chemistry was focused on the physical organic 
chemistry of these compounds, theoretical studies, and the reactivities of free indazolin-3-
ylidenes generated by thermal decomposition of carboxylate adducts.41d,129 Such free NHCs can 
for example be used as reagents for the synthesis of amidines from thiolactames, in which the 
carbene acts as a desulfurization agent.130 Other applications of in situ generated indazolin-3-
ylidenes include organocatalytic transformations such as the redox esterification of aromatic 
aldehydes, although there is evidence for mechanistic differences compared to the 
organocatalytic mode of action of commonly employed NHCs.131 
The first study focused on the coordination chemistry of these ligands with late transition metals 
was published in 2010, with the description of gold, palladium, and rhodium complexes.41a Only 
the description of a hetero-bis(NHC) complex of palladium(II), where one of the NHCs was an 
indy ligand, predates this report.48 
Since these initial reports, the majority of published results focused on gold complexes, with 
extensive studies concerning the coordination chemistry, ligand redistribution reactions, ligand 
electronic parameters, and cyctotoxic properties of the resulting complexes having been 
conducted.41b,c,132 Reports on complexes with other metals are more scarce, but a small number of 
complexes of palladium, rhodium, and copper have been reported as well.41c,133  
In only two instances has the usefulness of these complexes for catalytic applications been 
studied. A cationic hetero-bis(NHC) copper(I) complex bearing an indy ligand has been used as 
catalyst for an azide-alkyne Huisgen cycloaddition reaction with in situ generated azides,133b and 
the ability of [AuCl(indy)] complexes to catalyze the hydration of alkynes to ketones has been 
studied to some extent.41c 
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The paucity of reports on the coordination chemistry of indy with palladium(II) is deplorable, 
given the superior ligand donor strength of these ligands. The synthesis of novel indy ligands and 
their palladium(II) complexes merits attention due to their potential applications in catalytic 
transformations. 
4.1. Indazolin-3-ylidene Complexes of Palladium(II) with Phosphine Coligands 
4.1.1. Synthesis and Characterization of Indazolin-3-ylidene Complexes 
Simple, fused-ring indazolin-3-ylidene precursor salts can be obtained by alkylation of 
deprotonated indazole with a dibromoalkane, followed by ring closure to give the indazolium 
salt.132a The absence of regioselectivity in the first alkylation step, which is a major problem in 
the synthesis of N,N'-dialkylindazolium salts with different substituents at the nitrogen atoms, is 
irrelevant for fused-ring salts, since the same product is obtained from both regioisomeric 
intermediates (Scheme 4.1). 
 
Scheme 4.1. Synthesis of fused-ring indazolium bromide 131. 
 
In contrast to other methods for the synthesis of such salts,134 this synthetic protocol has the 
advantage of using commonly available starting materials, and all involved species are of 
sufficiently robust, so no inert reaction conditions are required. After 6 h at ambient temperature 
for the first alkylation step, and 15 h at 90 °C for the ring closure, 2,3-dihydro-1H-pyrazolo[1,2-
a]indazolium bromide (indy-5·HBr, 131) was obtained in good yield as an off-white, hygroscopic 
solid.135 
Exploratory attempts at obtaining homo-bis(NHC) complexes of group 10 metals incorporating 
the indy-5 ligand were met with failure. The palladium(II) complex [PdBr2(indy-5)2] remained 
elusive, similar to the initial attempts at synthesizing complex 124 bearing chemically similar 
pyry ligands. The synthesis of nickel(II) complexes of the tye [NiBr2(indy-5)2] was equally 
fruitless (Scheme 4.2 and Table 4.1). 





Scheme 4.2. Attempts at obtaining nickel(II) homo-bis(indy-5) complexes. 
 
Table 4.1. Reaction conditions tested for the synthesis of 132. a 
Entry Reaction conditions Outcome 
1 1) Ag2O, DCM, 15 h. 
2) [NiBr2(PPh3)2]. 
Intractable mixture of multiple species, 
no evidence of product. 
2 [NiBr2(PPh3)2], KOtBu, THF, 0 °C, 2 h. Starting material and paramagnetic 
impurities. 
3 [NiBr2(PPh3)2], K2CO3, acetone, 15 h. Starting material only. 
a
 Reaction mixtures were analyzed by TLC, ESI-MS and 1H NMR spectroscopy. 
 
However, it was possible to obtain a dimeric complex of the formula [PdBr2(indy-5)]2 using 
either the protocol optimized for the synthesis of [PdBr2(iPr2-bimy)]2 by reacting palladium(II) 
acetate with the azolium salt in the presence of an external bromide source,29 or by using the 
silver carbene transfer protocol.63a While only moderate yields of dimer 133 were obtained with 
the latter method, quantitative yields were obtained with the former (Scheme 4.3).136 
 
 
Scheme 4.3. Palladium(II) acetate route to [PdBr2(indy-5)]2. 
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Dimer 133 was isolated as an orange solid.135 It did not dissolve in ethereal solvents, ethy acetate 
and hydrocarbons such as hexane, and solubilities in chlorinated solvents was low. However, the 
complex readily dissolved in coordinating, polar organic solvents such as acetonitrile and DMSO. 
Successfull complex formation was confirmed by the absence of the resonance of the acid proton 
on C-3 in the 1H NMR spectrum of 133, which was observed at 9.55 ppm in the starting material 
131. Since the dimer's low solubility in chloroform prevented to obtain NMR spectra in CDCl3, 
and MeCN-d3 was used instead, a direct comparison between the chemical shifts of 131 and 133 
is not very meaningful. However, it should be noted that the aliphatic resonances of the saturated 
five-membered ring were shifted slightly upfield. The 13C NMR spectrum of 131 showed the 
Ccarbene resonance at 141.0 ppm. This is only slightly more upfield than the resonances found for 
the carbene carbon in closely related complexes.41a,120 
 
 
Fig. 4.1. Molecular structure of the acetonitrile adduct 134 derived from dimer 133 (hydrogen 
atoms have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). Selected 
bond lengths [Å] and angles [°]: Pd1-C1 1.945(3), Pd1-Br1 2.4341(5), Pd1-Br2 2.4394(5), Pd1-
N3 2.095(3); C1-Pd1-Br1 88.53(8), C1-Pd1-Br2 87.51(8), Br1-Pd1-N3 90.43(7), Br2-Pd1-N3 
93.52(7), C1-Pd1-N3 177.9(1), Br1-Pd1-Br2 176.02(1). 
 
Since acetonitrile can coordinate to the metal center, it is reasonable to assume that in the NMR 
samples in MeCN-d3, the prevalent species is not dimer 133, but the acetonitrile adduct 
[PdBr2(acetonitrile)(indy-5)] (134) instead. In other solvents and in the solid state, the description 
as dimeric species is nevertheless correct. The ESI-MS spectrum showed peaks corresponding to 
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[M - Br + CH3CN]+, [M + NH4]+, and [M + Na]+, which are indicative of an undissociated dimer, 
and elemental analysis results corresponded to a dimeric species as well, not a solvent adduct. 
By contrast, the slow evaporation of a concentrated acetonitrile solution of 133 yielded single 
crystals suitable for X-ray diffraction of the acetonitrile adduct 134 instead (Fig. 4.1). In this 
adduct, the coordination geometry at palladium is square-planar, and the bromido coligands adopt 
a trans-arrangement. The NHC ring plane is twisted out of the coordination plane by ~68° to 
minimize steric repulsion. The slightly flexible five-membered aliphatic ring in the indy-5 ligand 
adopts a distorted envelope conformation. All bond distances between the central metal atom and 
the ligands fall within the expected range and are in good agreement with values published for a 
structurally related pyrazolin-5-ylidene complex.120 
The facile interconversion between the dimeric form 133 and the acetonitrile adduct 134 
demonstrates the lability of the µ-bromido bridges and the coordinated solvent molecule, 
respectively. This suggests that 133 can serve as an equally versatile starting material as 117, to 
explore the coordination chemistry of indy-5 complexes of palladium(II) with a host of coligands. 
Indeed, reactions similar to the the formation of 118 and 119 were observed when 133 was 
exposed to pyridine and triphenylphosphine, albeit the time required to reach complete 




Scheme 4.4. Synthesis of indy-5 complexes incorporation an N- or P-donor ligand. 
 
When a suspension of 133 in dichloromethane was treated with a two or more equivalents of 
pyridine, a rapid colour change from orange to yellow occurred, and the suspension slowly turned 
into a clear solution. This indicated the successful coordination of the pyridine ligand and the 
formation of the desired adduct trans-[PdBr2(indy-5)(pyridine)] (135), which was isolated as a 
pale yellow solid. The required reaction times depended on the amount of pyridine used - with a 
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large excess of pyridine, the reaction was rapidly completed, while stochiometric amounts 
required reaction times of up to one hour. 
The solubility of the product was markedly higher in most organic solvents when compared to the 
dimeric starting material. Polar organic solvents and chlorinated solvents readily dissolve 135, 
while it is insoluble in hydrocarbons, ethereal solvents and esters. However, solutions showed a 
tendency to precipitate an orange solid upon prolonged standing, and the presence of free 
pyridine in these solutions was detected by 1H NMR spectroscopy. This points towards ligand 
dissociation and subsequent formation of the insoluble dimer 133.This process is favored by two 
factors - the strong trans-effect of the very good σ-donor indy-5, which leads to a weaker 
coordination of the pyridine ligand, and the poor solubility of the dimeric species 133. 
Interestingly, similar ligand dissociations were not observed for 118, albeit the pyry ligand in the 
latter is the stronger donor. The low solubility of the precipitating dimer seems thus to be the 
major driving force. This ligand dissociation process also explains the comparatively longer 
reaction times, and the excess of pyridine required for the formation of 135. 
Spectroscopically, complex 135 is inconspicious. In the 1H NMR spectrum, an additional set of 
five aromatic protons is observed, which can be attributed to the pyridine ligand. The chemical 
shifts of the indy-5 resonances change marginally when compared to 134, but since the spectra 
are recorded in CDCl3 and MeCN-d3, respectively, these should not be overinterpreted. In the 13C 
NMR spectrum, the Ccarbene resonates at 145.7 ppm, which is slightly more downfield than the 
corresponding resonance in 134 at 141.0 ppm. This reflects the higher ligand donor strength of 
pyridine when compared to acetonitrile.48 
Single crystals for X-ray diffraction studies were grown from concentrated 
dichloromethane/acetonitrile solutions of the pyridine adduct 135. Similar to the structure of the 
acetonitrile adduct 134, the coordination geometry around palladium is square-planar, and the 
pyridine ligand binds trans to the NHC (Fig. 4.2). The indazolin-3-ylidene ring plane is twisted 
by 74° out of the coordination plane, and almost parallel to the plane defined by the pyridine ring. 
The five-membered ring in the indy-5 ligand adopts the same distorted envelope conformation as 
observed before. In this complex, the Pd-C and Pd-N bonds are slightly longer than the 
corresponding bonds in the acetonitrile complex 134, reflecting the more electron-rich nature of 
the pyridine ligand, which translates into a more pronounced trans-influence. By contrast, the Pd-
Br bonds in 135 are slightly shorter than in 134. 




Fig. 4.2. Molecular structure of the pyridine complex 135·MeCN (hydrogen atoms and solvent 
molecules have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
Selected bond lengths [Å] and angles [°]: Pd1-C1 1.956(3), Pd1-Br1 2.4235(4), Pd1-Br2 
2.4297(4), Pd1-N3 2.113(2); C1-Pd1-Br1 87.47(8), C1-Pd1-Br2 89.36(8), Br1-Pd1-N3 91.37(7), 
Br2-Pd1-N3 91.84(7), C1-Pd1-N3 177.5(1), Br1-Pd1-Br2 176.62(2). 
 
The treatment of a suspension of 133 in dichloromethane with triphenylphosphine lead to a 
similar color change as the one observed for the reaction with pyridine. After 2 h, pale yellow to 
off-white solids could be isolated by evaporation of the solvent and subsequent washing with 
diethyl ether to remove unreacted material. ESI-MS and elemental analysis confirmed that this 
material was the desired cis-[PdBr2(indy-5)(PPh3)] (136), but the complex was found to be poorly 
soluble in all tested organic solvents. While the solubility of the corresponding pyry complex 119 
was still sufficiently high in DMSO-d6 to obtain NMR spectra, this was not the case for complex 
136, and no characterization by NMR spectroscopy was possible. 
The replacement of bromido ligands with trifluoroacetato ligands has been shown to enhance the 
solubility of related complexes.41a,137 This has the additional advantage of generating a potentially 
more catalytically active complex as well, since the weakly coordinating nature of the 
trifluoroacetato ligands in the resulting complex cis-[Pd(O2CCF3)2(indy-5)(PPh3)] (137)gives rise 
to two readily available coordination sites for incoming substrates. 
The addition of 2.30 equivalents of silver(I) trifluoroacetate to a suspension of 136 in acetonitrile, 
and subsequent reaction for 15 h at ambient temperature, shielded from light in oder to prevent 
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Scheme 4.5. Replacement of the bromido ligands by trifluoroacetato ligands. 
 
The bis(trifluoroacetato) complex 137, which was isolated as a pale yellow solid, was indeed 
better soluble in a variety of organic solvents, with the exceptions of ethereal solvents, 
hydrocarbons and esters, in which it remained insoluble. NMR spectra for 137 could be recorded 
in CD2Cl2, and confirmed the successful ligand exchange, in addition to ESI-MS and elemental 
analysis results. 
The 1H NMR spectrum of 137 differs significantly from those of 134 and 135. The most obvious 
change is the presence of the additional aromatic signals attributable to the triphenylphosphine 
ligand. Other than that, peak patterns and chemical shifts of signals which can be assigned to the 
aliphatic ring in the indy-5 ligand also differ from those in the spectra of 134 and 135. The NCH2 
groups no longer resonate as well resolved triplets, but instead give rise to four complicated 
multiplets, three of which are shifted upfield and one which is shifted downfield from their 
location in the spectra of the simple solvent adducts. Similarly, the resonance due to the 
methylene group is also split into two multiplets, which are found at more upfield chemical shifts 
than the single signal for this group in the spectra of 134 and 135. All of these changes can be 
traced back to the magnetic anisotropy and steric congestion introduced into the complex by the 
aromatic rings of the triphenylphosphine ligand, which is in close proximity to the alicyclic 
protons.  
In the 13C NMR spectrum of 137, the resonance of Ccarbene is found in the form of a doublet at 
149.2 ppm, with a coupling constant of 2JC-P = 10 Hz. The chemical shift is more upfield than the 
corresponding resonance in a structurally related cis-[PdBr2(PPh3)(pyry)] complex, but this 
difference can be explained by the change in the nature of the coligands from bromido to 
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trifluoroacetato.120 The comparatively small coupling constant is typical for the interaction in a 
cis-complex. In the spectra of other NMR-active heteroatoms, a single 31P NMR resonance at 
27.9 ppm indicates the presence of the triphenylphosphine ligand, and two 19F resonances for the 
chemically inequivalent trifluoroacetato ligands are observed at 1.3 ppm and 0.5 ppm. The 
spectroscopy data strongly supports a cis-arrangement of the indy-5 and triphenylphosphine 
ligands, which is in line with the usually observed transphobia tendency in these 
systems.41a,42d,81,126 The chemical shifts in the 13C, 19F and 31P spectra of 137 are in good 
agreement with values reported for structurally related complexes.41a 
Despite the low solubility of 136, the slow evaporation of a concentrated 
dichloromethane/toluene solution yielded single crystals suitable for X-ray diffraction. Similarly, 
single crystals of 137 were otained by slow evaporation of a concentrated 
dichloromethane/diethyl ether solution. As can expected based on comparison to previously 
reported complexes and the spectroscopic evidence presented above, both compounds were found 




Fig. 4.3. Molecular structures of the mixed phosphine-NHC complexes 136 and 137 (hydrogen 
atoms and solvent molecules have been omitted for clarity, thermal ellipsoids are drawn at 50% 
probability). 
 
Similar to the previous complexes, in 136 and 137, the plane defined by the NHC ligand is 
twisted by ~76° out of the coordination plane, no doubt influenced by the steric bulk of the 
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triphenylphosphine ligand. The fused five-membered ring in the indy-5 ligand adopts the same 
distorted envelope conformation in 136, while it is almost planar in the sterically more congested 
137. 
 
Table 4.2. Selected bond lengths [Å] and angles [deg] in 136 and 137. 
 136 137 
Pd1-C1 1.965(5) 1.949(4) 
Pd1-P1 2.268(1) 2.230(1) 
Pd1-Br1/O1 2.4808(6) 2.088(3) 
Pd1-Br2/O3 2.4928(6) 2.087(3) 
C1-Pd1-Br1/O1 86.3(1) 89.6(1) 
C1-Pd1-P1 89.3(1) 91.4(1) 
Br2/O3-Pd1-P1 93.25(3) 87.95(9) 
Br2/O3-Pd1-Br1/O1 92.33(2) 91.0(1) 
C1-Pd1-Br2/O3 170.4(1) 172.1(1) 
P1-Pd1-Br1/O1 171.18(4) 178.90(9) 
 
In complex 136, the Pd-C bond was found to be 1.965(5) Å long, while bond distances of 
2.268(1) Å were found for the Pd-P bond and the Pd-Br bonds were 2.4808(6) Å and 2.4928(6) Å 
long (Table 4.2). For the latter, the longer Pd-Br bond was found for the bromido ligand trans to 
indy-5 ligand, due to the stronger trans-influence of the NHC when compared to the phosphine. 
These values are in good agreement with the values found for the pyry analogue 119.120 
After exchanging the anionic ligands from bromido to trifluoroacetato, the Pd-C and Pd-P bonds 
were found to be 1.949(4) Å and 2.230(1) Å, respectively. The Pd-O bond distances were found 
to be 2.088(3) Å and 2.087(3) Å. All bond distances for 135 are in good agreement with 
previously reported values for a cis-[PdBr2(indy)(PPh3)] complex.41a 
Occasionally, a side product was formed in the synthesis of monophosphine complex 136, and 
identified by ESI-MS as the cationic bis(triphenylphosphine) complex 138. Since these trace 
amounts were not enough for systematic study, reaction conditions were optimized to yield this 
species as the main product (Scheme 4.6). 




Scheme 4.6. Synthesis of the cationic bis(triphenylphosphine) complex 138. 
 
Adding sodium tetrafluoroborate to the reaction mixture, to provide a non-coordinating 
counteranion for the cationic coordinatinon unit, as well as increasing the amount of 
triphenylphosphine used to slightly more than the stochiometric amount required for the 
formation of trans-[PdBr(indy-5)(PPh3)2]BF4 (138), moderate to good yields of this complex 
could be obtained as pale yellow solid. 
This complex was readily soluble in polar organic solents such as acetonitrile or DMSO, while 
being less soluble in chlorinated and more unpolar organic solvents, and NMR spectra could be 
recorded in MeCN-d3. In the 1H NMR spectrum, 30 additional aromatic protons were observed, 
in addition to the four aromatic signals of the indy-5 ligand. Similarly to the spectrum of 137, the 
resonances attributable to the aliphatic ring were found upfield from the corresponding signals in 
the starting material 133, suggesting shielding by the abundant phenyl groups of the phosphine 
ligands. However, these signals were less complicated in the spectrum of 138 than those for 137, 
due to the more uniform magnetic environment provided by the presence of two phosphine 
ligands.  
In the 13C NMR spectrum, the Ccarbene resonance was observed 156.4 ppm. This is more 
downfield than the chemical shift of the neutral indy-5 complexes described above, but upfield 
from the corresponding resonance in the structurally related pyry complex 112.120 Despite the 
presence of two phosphine ligands, the signal is observed as a doublet, which might be due to a 
slight magnetic inequivalence of the phosphine ligands due to hindered rotation in the sterically 
congested complex, and therefore nearly identical 2JC-P values of about 6 Hz, that cause a not 
resolved doublet of doublets. By contrast, only a single resonance at 23.2 ppm is found in the 31P 
spectrum, which is at a typical chemical shift for a bis(triphenylphosphine) complex of 
palladium(II), and indicative of a trans-arrangement of these ligands.120 
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Attempts at crystallizing this complex for X-ray diffraction studies were met with failure. Only 
crystals of trans-[PdBr2(PPh3)2] formed by ligand redistribution and decomposition processes, 
could be obtained. This hints at a lability of the indy-5 ligand in such sterically crowded and 
electron-rich complexes. 
In contrast to two triphenylphosphine ligands, which adopt a trans-arrangement due to steric 
reasons, tethered bis(phosphine) ligands such as bis(diphenylphosphino)ethane (dppe) and 
bis(diphenylphosphino)propane (dppp) can be expected to impose cis geometries, as well as 
higher complex stabilities due to chelate effects. The synthesis of dppe and dppp analogues to 
136 is straightforward, by replacing triphenylphosphine by the appropriate stochiometric amounts 
of the bidentate phosphine ligands (Scheme 4.7). 
 
 
Scheme 4.7. Synthesis of cationic complexes featuring bidentate phosphine ligands. 
 
Following this approach, cis-[PdBr(indy-5)(dppe)]BF4 was isolated as yellow solid in 
quantitative yield, while a moderate yield of 72% of cis-[PdBr(indy-5)(dppp)]BF4 was obtained 
as pale orange solid. Both compounds show solubilities similar to those of the other cationic 
complex 138. 
However, their 1H NMR spectra differ considerably from that of 138. In addition to the multiplet 
resonances of the 24 aromatic protons in the region from 8.02 ppm to 7.03 ppm, the NCH2 groups 
as well as the other methylene units in both the indy-5 ligand and the aliphatic linkers of the 
bidentate phosphine ligands resonate as complicated set of multiplets. For the resonances of 
methylene groups bound directly to nitrogen, chemical shifts beween 4.48 ppm and 3.50 ppm 
were found, while the other methylene resonances were more upfield between 2.95 ppm and 
1.67 ppm. 
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The 13C NMR spectra are equally complex. Free rotation of most phenyl moieties in the 
diphosphine ligands is hindered, and C-P coupling additionally complicates the situation, leading 
to a myriad of signals especially in the aromatic region. The Ccarbene resonances for 139 and 140 
are found at 163.5 ppm and 161.8 ppm, respectively. In 139, only a doublet was observed, with a 
2JC-P coupling constant of 145 Hz in line with a trans-coupling, while the cis-coupling was 
presumably not resolved. For 140, the smaller cis-coupling with 4 Hz was observed besides the 
trans-coupling of 148 Hz, resulting in a doublet of doublets. 
For the dppe ligand in 139, the 31P NMR resonances were observed as two doublets at 61.1 ppm 
and 50.7 ppm. For the dppp ligand in 138, two doublets were observed at 13.3 ppm and -4.0 ppm, 
respectively. These shifts are close to those reported for other NHC complexes bearing 
diphosphine ligands.138 
No single crystals suitable for X-ray diffraction could be obtained for complex 139 despite 
numerous attempts, but complex 140 could be crystallized by slow evaporation of a concentrated 
solution in acetonitrile/hexane (Fig. 4.4). 
 
 
Fig. 4.4. Molecular structure of the cationic coordination unit of 140 (hydrogen atoms and 
counteranion have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
Selected bond lengths [Å] and angles [°]: Pd1-C1 2.018(4), Pd1-Br1 2.4803(8), Pd1-P1 2.254(1), 
Pd1-P2 2.329(1); C1-Pd1-Br1 87.0(1), C1-Pd1-P1 87.6(1), Br1-Pd1-P2 92.64(4), P1-Pd1-P2 
92.72(4), C1-Pd1-P2 179.1(1), Br1-Pd1-P1 176.64(4). 
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However, X-ray diffraction revealed that in the crystalline material, the tetrafluoroborate 
counteranions were replaced by bromide. This is not representative of the bulk of the material, 
since elemental analysis confirmed the presence of the tetrafluoroborate counteranion.  
Mostly, the structural features of 140 are in line with the other indy-5 complexes described 
above. A distorted square-planar geometry around palladium is found, with the expected cis-
coordination of the dppp ligand, which has a bite angle of 92.72(4)°. The NHC ring plane stands 
almost perpendicular to the coordination plane, at a torsion angle of ~80°, and the aliphatic ring 
in the indy-5 ligand adopts the distorted envelope shape absent only in 139. 
Notably, the Pd-C bond with a distance of 2.018(4) Å and the Pd-P bonds with distances of 
2.254(1) Å and 2.329(1) Å are longer then in the neutral complexes 136 and 137, due to the 
redistribution of electron density upon replacement of a bromido ligand with a more strongly 
donating phosphine moiety.139 The Pd-P bond trans to the NHC ligand was found to be longer 
than the one trans to the bromido ligand, due to differences in trans-influence. All bond lengths 
and angles are within close proximity to values found for similar compounds.138,140 
4.1.2. Applications in Catalysis 
 
Fig. 4.5. Indy-6 analogues of complexes 133 and 135-140.136,141 
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Palladium(II) NHC complexes have been shown to be active precatalysts for the hydroamination 
of carbon-carbon multiple bonds.137b, 142  This important transformation, which allows the 
construction of carbon-nitrogen bonds with perfect atom economy by addition of primary or 
secondary amines to alkenes or alkynes, does not proceed without a catalyst despite being 
thermodynamically favorable. Hence, research interest into active catalysts for this reaction is 
considerable,143 and as a contribution to this field, complexes 133, 135-140, and their congeners 
141-147 bearing the 6,7,8,9-tetrahydropyridazino[1,2-a]indazolin-3-ylidene (indy-6) ligand (Fig. 
4.5) were tested for their catalytic activities in the hydroamination of phenylacetylene (148) with 
2,6-dimethylaniline (149) (Scheme 4.8 and Table 4.3). 
 
 
Scheme 4.8. Hydroamination of phenylacetylene. 
 
Table 4.3. Catalytic performance in the hydroamination of phenylacetylene.a 
Entry Precatalyst Yield (%)b  Entry Precatalyst Yield (%)b 
1 - 0     
2 133 37  9 141 30 
3 135 44  10 142 43 
4 136 43  11 143 17 
5 137 56  12 144 50 
6 138 13  13 145 6 
7 139 >99  14 146 92 
8 140 75  15 147 72 
a Reaction conditions: Precatalyst (1 mol%), phenylacetylene (2.0 equiv), 2,6-
dimethylaniline (1.0 mmol), toluene (3 ml), 100 °C, 15 h. b Yields determined by GC-MS 
with decane as internal standard; average of two runs. 
 
With the exceptions of the cationic bis(triphenylphospine) complexes 138 and 145 (entries 6 and 
13), which showed poor activity, all complexes were able to catalyse the hydroamination of 
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phenylacetylene in moderate to good yields, while in the absence of a precatalyst, no product was 
detected (entry 1). The enamine, which is initially obtained with perfect Markovnikov selectivity, 
rapidly tautomerizes to yield imine 150 as final product. In order to achieve good yields, the 
addition of a catalytic amount of triflic acid was required. This Brønsted acid is required to speed 
up the realease of the product in the final step of the catalytic cycle by protolytic cleavage of the 
Pd-C bond.143b,144 
When comparing the series featuring different indy ligands, it becomes apparent that the indy-5 
complexes (entries 2-8) consistently outperform the indy-6 complexes (entries 9-15), albeit the 
differences between related complexes are sometimes very small. The two ligands are relatively 
similar with respect to their electronic and steric properties, with both properties being subtly 
influenced by the presence or absence of an additional methylene unit in the fused aliphatic ring. 
Therefore, it is not possible to determine whether the observed differences in catalytic 
performance are due to differences in steric bulk, in ligand donor strength, or another electronic 
factor. 
Classifying the complexes as either neutral or cationic allows to systematize the observed 
catalytic performances. The first class of complexes gave only moderate yields of 150, with the 
best performance observed for 137 and 144 (entries 2-5 and 9-12). In these two complexes, the 
relatively tightly bound bromido ligands are replaced by trifluoroacetato ligands, and the catalytic 
performance clearly benefits from the availability of more accessible coordinations sites for 
substrates. Similar observations have been made for NHC complexes bearing carboxylato ligands 
before.137b 
Among the cationic complexes, the bis(triphenylphosphine) species 138 and 145 perform 
extremely poor, while the diphosphine complexes were generally the best precatalysts for this 
reaction (entries 6-7 and 13-15). During attempts to crystallize 138, it became obvious that this 
complex has a high propensity to decompose into other species, which might have been a factor 
in the low catalytic turnover of 138 and the related 145. Other factors that might have hampered 
catalytic activity is the very saturated coordination sphere, containing two sterically bulky 
triphenylphosphine ligands, and the relatively low solubility of this complex in very unpolar 
organic solvents. 
The better-performing complexes 139, 140, 146, and 147 have a different coordination geometry 
(cis instead of trans) and benefit from the additional stability imparted by the chelating 
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diphosphines. However, for these complexes, the loss of the indy ligand is feasible under reaction 
conditions, and it is possible the the catalytically active species does not include an indy ligand at 
all. Palladium(II) complexes bearing a dppe ligand are known precatalysts for hydroaminations, 
giving further credence to the idea that diphosphine complexes without an NHC ligand are truly 
responsible for the good catalytic performances. 145  A comparison between dppe and dppe 
complexes (entries 7, 8, 14, and 15) showed that the best precatalysts 139 and 146, which 
perform similar or better than reported precatalysts,142c,d incorporate the dppe ligand. This better 
performance can be explained by the difference in bite angles between dppe and dppp, the impact 
of which on catalytic performance has been documented before.140,146 
Another useful transformation is the Sonogashira cross-coupling between terminal alkynes and 
aryl halides, which allows the construction of C-C bonds.147 Since palladium(II) NHC complexes 
have distinguished themselves as efficient catalysts for this transformation,148 complexes 133 and 
135-147 were tested for their ability to serve as precatalysts for the coupling of phenylacetylene 
with 4-bromoacetophenone (Scheme 4.9). This is of special interest due to the entirely different 
mechanism when compared to the hydroamination described above. 
 
 
Scheme 4.9. Sonogashira coupling of phenylacetylene and 4-bromoacetophenone. 
 
No product was formed in the absence of a palladium(II) complex (Table 4.4, entry 1), but in 
contrast to the hydroamination described above, not all palladium(II) complexes were able to act 
as precatalysts either. To understand the results, this time it is useful to group the complexes not 
according to their charge (which is less relevant for Sonogashira couplings), but to the presence 
and the nature of the phosphine coligands. Entirely phosphine-free complexes (133, 135, 141, and 
142, entries 2, 3, 9, and 10) gave either no product at all, or only trace amounts of 152 close to 
the detection limit were formed. Since the reactions were carried out in DMF, which is a 
coordinating solvent and readily dissolves all complexes, solubility issues can be ruled out as root 
cause of this absence of activity. Instead, it is most likely that the lack of steric bulk of the indy-5 
and indy-6 ligands disfavors the reductive elimination in the final step of the catalytic cycle. The 
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electron-rich nature of the NHC itself provides additional stability to this palladium(II) species, 
which thus forms the major bottleneck for catalytic turnover.149 With no other bulky ligand bound 
to the metal center, product formation can thus not occur. 
 
Table 4.4. Catalytic performance in the Sonogashira coupling.a 
Entry Catalyst Yield (%)b  Entry Catalyst Yield (%)b 
1 - 0     
2 133 2  9 141 0 
3 135 3  10 142 2 
4 136 84  11 143 93 
5 137 82  12 144 96 
6 138 >99  13 145 >99 
7 139 18  14 146 17 
8 140 30  15 147 17 
a Reaction conditions: CuI (5 mol%), precatalyst (1 mol%), 4-bromoacetophenone (1.0 
equiv), DMF (degassed, 2 mL), phenylacetylene (2.0 equiv), NEt3 (1.2 equiv), 80 °C, 3 h. 
b Yields determined by NMR spectroscopy; average of two runs. 
 
Complexes 136-138 and 142-145 bear at least one monodentate phosphine ligand, and generally 
gave good to excellent yields (entries 4-6 and 10-12). The additional steric bulk of the 
triphenylphosphine ligand allows reductive elimination to occur efficiently, thus explaining the 
good catalytic turnover. When comparing the structure-activity relationship for these complexes 
to the trends observed in the hydroamination, three marked differences are obvious. The 
complexes including the indy-6 ligand are the more efficient catalysts, the trifluoroacetato groups 
do not lead to an increase in catalyst efficiency, and the cationic complexes 
bis(triphenylphosphine) complexes 138 and 145 are the best catalysts, and on par with other 
reported systems.Error! Bookmark not defined.b. While the root cause for the reactivity difference 
between indy-5 and indy-6 complexes remains elusive, the comparable performance of 
dibromido and ditrifluoroacetato complexes can be explained mechanistically. The catalytically 
active species in Sonogashira cross-couplings is a palladium(0) complex, hence the initiation step 
necessarily involves the reduction of the precatalyst, which entails the loss of the anionic 
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coligands. If the initiation step is sufficiently fast, the nature of anionic coligands therefore has 
little influence on catalyst performance. 
It is plausible to assume that the same active species is formed from complexes 136-138 and 142-
145. This means that in the case of 138 and 145, an additional equivalent of phosphine is present 
in the reaction mixture, which can either stabilize the precatalyst or the resting state of the 
catalytic cycle, thus increasing catalyst turnover. This explains the quantitative yields observed 
with these complexes as precatalysts. 
The diphosphine complexes 139, 140, 146, and 147 were not completely inactive as precatalysts, 
but showed a significantly poorer performance than the triphenylphosphine complexes (entries 7, 
8, 14, and 15). In contrast to the bis(triphenylphosphine) complexes, dissociation of one 
phosphorus donor from the metal center is unlikely due to the chelate effect, thus two 
coordination sites are permanently blocked in these complexes, and the coordination sphere is 
relatively crowded. This hampers the catalytic turnover, leading to the observed low yields.i 
4.2. Post-modification of Indazolin-3-ylidene Complexes of Palladium(II) 
4.2.1. Precursor Complex and Post-Modification 
The introduction of additional donor sites in the side chain of the NHCs allows a more nuanced 
modification of the coordination sphere, enhances complex stability, and in the case of hemilabile 
donors, allows for the rapid generation of free coordination sites when they are needed in the 
catalytic cycle.57 For indazolin-3-ylidenes, no donor-functionalized systems have been described 
so far. Therefore, the preparation of such ligands and the study of the corresponding complexes 
with transition metals in catalytic transformations are of great interest. The preparation of suitable 
ligand precursor salts requires the introduction of a non-coordinating wingtip substituent on N-1, 
which is the distal nitrogen atom, and a coordinating side chain on the proximal nitrogen atom N-
2. However, there is no regioselectivity in the alkylation of indazoles, leading to mixtures of 1- 
and 2-alkylated species being formed upon the introduction of the first side chain.150 These need 
to be tediously separated, which entails a loss of approximately half of the starting material, 
                                                 
i
 Contributions to chapter 4.1 by Ramasamy Jothibasu (first synthesis and partial characterization of 131 and 133), 
Binbin Zhou (first synthesis and partial characterization of 135, 136, 137, and 138) and Ning Xi Chong (synthesis 
and characterization of 141-147, and contributions to precatalyst screenings) are gratefully acknowledged. 
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before the second side chain can be introduced. In order to prepare a diverse library of side chain 
functionalized indy complexes, it is therefore desirable to place the diversity-generating step late 
in the synthetic sequence, based on a common starting material.151 This minimizes the synthetic 
effort associated with an already cumbersome ligand precursor preparation. It has been shown 
that the introduction of additional functionalities into the NHC is even possible after the 
coordination to the metal center, which allows the very rapid generation of diversity and avoids 
individual metalation steps for each ligand.59,152 In the case of indazolin-3-ylidenes, this approach 
requires the preparation of a 2-bromoalkyl substituted indazolium salt and its subsequent 
metalation (Scheme 4.10).153,154 
 
 
Scheme 4.10. Preparation of a palladium(II) indy complex as precursor for post-modification. 
 
Indazole (128) could be conveniently alkylated using dimethyl carbonate as alkylating agent.150b 
The mixture of the desired 1-methylindazole (153) and the side product 2-methylindazole (154) 
could be separated by column chromatography. A second alkylation step using 1,3-
dibromopropane as alkylating agent yielded the bromopropyl-functionalized imidazolium salt 
155, albeit long reaction times were required.155  If the alkylation was carried out at higher 
temperatures, the fused-ring indazolium salt 131 − formed by intramolecular cyclization of 155 
and elimination of methyl bromide − was isolated instead of 155. A silver carbene transfer 
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reaction,63a carried out under anhydrous conditions to prevent solvolysis of the bromo 
functionality, yielded a trans-[PdBr2(acetonitrile)(indy)] complex 156. The overall yield of this 
three step sequence to this precursor for post-modification reactions, based on the starting 
material indazole, was 22%. 
Complex 156, which was an orange solid, was insoluble in esters, ethereal solvents, and 
hydrocarbons, poorly soluble in chlorinated solvents, and readily soluble in polar, coordinating 
organic solvents such as DMSO, acetone and acetonitrile. Its identity was confirmed by a full set 
of characterization data, and the 13C NMR Ccarbene resonance, observed at 152.8 ppm, was close to 
the chemical shift for the carbene carbon in related complexes.120,136 
As predicted, the introduction of functionalities by nucleophilic substitution of the bromo-moiety 
in the side chain of 156 was possible (Scheme 4.11).154 
 
 
Scheme 4.11. Introduction of potentially coordinating groups by post-modification.  
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Using cyclic and acyclic secondary amines as nucleophiles, tertiarty amine functionalies could be 
introduced into the side chain in good yields.ii The amine, which was used in large excess, also 
performed the role of base in this reaction. Complexes 157-161, which were obtained as yellow 
to orange solids, were readily soluble in chlorinated and polar organic solvents, and insoluble in 
hydrocarbons. In less polar organic solvents such as ethers and esters, the solubility depends on 
the lengths of the aliphatic side chains of the amine in the side chain.  
Besides substituting the bromo-functionality in the side chain and neutralizing the side product 
hydrobromic acid, the secondary amines also displaced the acetonitrile ligand from the metal 
center. The identity of 157-161 as trans-[PdBr2(amine)(indy)] complexes was confirmed by ESI-
MS, elemental analysis, as well as 1H and 13C NMR data. 
The 13C NMR shifts of these complexes are particularly interesting. The Ccarbene resonances, are 
found ~8 ppm downfield from the corresponding resonance in 156 because of the more strongly 
donating nature of the secondary amine ligands,48 and are close to values reported for the Ccarbene 
resonances of structurally related imidazolin-2-ylidene complexes with a secondary amine ligand 
in trans-position. 156  The Ccarbene chemical shift varies within series 157-161, showing a 
dependence on the nature of the coordinated secondary amine (Table 4.5). 
 
Table 4.5. 13C chemical shifts of Ccarbene and pKb values of the coordinated amines. 
Complex δ Ccarbene [ppm]a pKb of the amine 
157 161.0 3.02 
158 160.9 3.00 
159 161.2 2.75 
160 160.6 3.50 
161 158.9 5.64 
a
 Recorded in CDCl3. 
 
Since the chemical shift of the carbene carbon in complexes of the formula trans-
[PdX2(NHC)(L)] (X = halide, L = any ligand of interest) shows a strong dependence on the 
ligand donor strengths of the ligand in trans-position, the observed variation in chemical shift can 
                                                 
ii
 Compounds 151-159 were synthesized and characterized by Harvenjit Singh. This includes the X-ray diffraction 
data for complexes 157-159. 
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be assumed to be indicative for the ligand donor strength of the amines. Assuming a purely σ-
donating interaction between the ligand and the metal center, ligand donor strength depends on 
the energy of the σ-HOMO orbital (vide supra), which in turn can be gauged by protonation 
reactions. Besides first proton affinities for carbon bases, which were used to this effect in 
chapter 2, basicities as described by pKb values can be a useful measure of σ-electron density of 
the nitrogen lone pairs in the secondary amines, and a clear connection between this parameter 
and complex properties and reactivities has already been established.157 And indeed, a strong 
correlation exists between the pKb values of the metal-bound secondary amines158 in 157-161 and 
the corresponding 13C NMR Ccarbene shifts (R2 = 0.9967, Fig. 4.6), which can not be explained by 
other factors such as an electronic influence of the different functionalities in the side chain.59a 
 
 
Fig. 4.6. Correlation of Ccarbene chemical shift and amine pKb in trans-[PdBr2(amine)(indy)] 
complexes. 
 
Since the original aim was to study the influence of different chelating groups on complex 
properties and catalytic performance, the coordinated secondary amine ligand was an undesirable 
remnant of the functionalization reaction. However, attempts at removing it by stirring diluted 
solutions of the complexes, which is usually sufficient to cause weakly bound ligands to 
dissociate (cf. the dissociation of the pyridine ligand in 135), did not lead to ligand dissociation 
and the formation of κ2-C,N-chelated complexes. The apparent reason is a relatively strong bond 
between the amine ligand and the metal center. When
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dissociation of nitrogen donors from palladium NHC complexes, Navarro et al. found that 
secondary amines form stronger bonds in trans-[PdCl2(amine)(NHC)] complexes than tertiary 
analogues.156b Based on structural observations, it was concluded that intramolecular hydrogen 
bonds exist in these complexes between the nitrogen-bound proton in the secondary amine and 
one of the chlorido ligands. As a result, shorter Pd-N bond lengths as well as stronger than 
expected trans-influences and ligand donor strengths of the secondary amines are found. 
For complexes 159-161, molecular structures could be obtained by X-ray diffraction analysis 
performed on single crystals grown by slow evaporation of concentrated solutions in acetonitrile 
and chloroform (Fig. 4.7 and Table 4.6). However, it should be noted that instead of pure 159, the 
hydrobromide 159·HBr cocrystallized with two chloroform molecules. Since elemental analysis 
for 159 is consistend with a free amine complex, not the hydrobromide, the single crystal is not 
representative of the bulk of the material, and most likely formed by preferential crystallization of 
the protonated impurity. 
 
 
Fig. 4.7. Molecular structures of complexes 159·HBr·2 CHCl3, 160 and 161 (hydrogen atoms, 
solvent molecules, molecular disorder and counteranions have been omitted for clarity, thermal 
ellipsoids are drawn at 50% probability). 
 
All three complexes have a square-planar coordination geometry, and the secondary amine 
ligands are positioned trans to the indy ligand. Similar to complexes 135-137 and 140, which 
feature the indy-5 ligand, the indazolin-3-ylidene ring plane in 159-161 is close to perpendicular 
to the coordination plane. The aliphatic substituents on N-4 in 159 and 160 are almost perfectly 
aligned with the NHC ring plane, while the conformation of the propyl side chain in 161 prevents 
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such an alignment. In 159, one of the butyl side chains of N-3 is crystallographically disordered. 
The Pd-C bond distances in these complexes range from 1.959(2) Å in 161 to 1.964(8) Å in 159, 
while Pd-N bonds are between 2.128(8) Å in 159 2.144(3) Å in 160 long. Interestingly, the Pd-C 
bond distance in trans-[PdCl2(NEt2)(SIPr)] is very similar to the values found for 159-161, while 
the Pd-N bond in the imidazolidin-2-ylidene complex is shorter, due to the weaker trans-
influence of the SIPr ligand.156b The Pd-Br bonds in 159-161 vary between 2.4186(5) Å and 
2.4356(8) Å, which is in line with distances reported for structurally related complexes.120,136 
 
Table 4.6. Selected bond lengths [Å] and angles [deg] in 159·HBr·2 CHCl3, 160 and 161. 
 159·HBr·2 CHCl3 160 161 
Pd1-C1 1.964(8) 1.961(4) 1.959(2) 
Pd1-N3 2.128(8) 2.144(3) 2.142(2) 
Pd1-Br1 2.4237(9) 2.4260(8) 2.4186(5) 
Pd1-Br2 2.4249(9) 2.4356(8) 2.4225(5) 
C1-Pd1-Br1 88.7(2) 87.1(1) 87.31(6) 
C1-Pd1-Br2 90.8(2) 91.4(1) 90.74(6) 
N3-Pd1-Br1 91.5(2) 92.23(8) 92.87(5) 
N3-Pd1-Br2 89.0(2) 89.34(8) 89.25(5) 
C1-Pd1-N3 176.8(3) 178.9(1) 172.44(8) 
Br1-Pd1-Br2 178.87(4) 178.42(2) 177.65(2) 
 
In line with the findings of Navarro et al., the distances between the proton on N-3 and Br2 in 
complexes 160 and 161 are shorter than the sum of the van der Waals radii of the two atoms 
(3.05 Å) 159 . This is evidence for the existence of intramolecular hydrogen bonds in these 
complexes, which lead to a contraction of the Pd-N bonds and a tighter binding of the secondary 
amine to the metal center, thereby preventing ligand dissociation and formation of the κ2-C,N 
chelates (Fig. 4.8). In complex 159, the crystallographic disorder present in the secondary amine 
hampered the location of the nitrogen-bound hydrogen atom, thus making it impossible to prove 
or disprove the existence of a similar interaction in this complex. However, for all complexes 
157-161, the IR spectra exhibit the broad absorption bands typical for hydrogen bonding in the 
range from 3433 cm-1 to 3490 cm-1, which is further evidence for the assumption that hydrogen 
bonding exists in all secondary amine complexes. 





Fig. 4.8. Evidence for intramolecular hydrogen bonding in complexes 160 and 161. 
4.2.2. Application in the Direct Arylation of 1-Methylpyrrole 
Similar to the direct arylation of pentafluorobenzene,127 which avoids the use of difficult to 
handle and often troublesome to prepare organometallic reagents, and which avoids the formation 
of toxic heavy metal salts as byproducts, the direct arylation of electron-poor heteroaromatics is a 
greener and more efficient way to synthesize biaryl-derivatives by carbon-carbon cross-
coupling. 160  The direct aylation of 1-methylpyrrole (162), which can be catalyzed by 
palladium(II) NHC complexes,161 is an ideal benchmark to assess the catalytic activity of the 
unfunctionalized complex 156 and the amine-functionalized complexes 157-161 (Scheme 4.12). 
 
 
Scheme 4.12. Direct arylation of 1-methylpyrrole with 4-bromoacetophenone. 
 
When the reaction was run in the absence of a precatalyst, no product formation was detected 
(Table 4.7, entry 1). By contrast, when the reactions was run in the presence of 1 mol% of 
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catalyst under conditions previously used for the direct arrylation of pyrroles using NHC-based 
palladium(II) complexes as precatalysts, excellent yields in the range from 85% to 97% were 
obtained. Since complexes 156-161 are similar in terms of their electronic structure and the steric 
bulk of their ligands, similar levels of activity are found for all precatalysts. Yields are 
comparable to those obtained with previously reported precatalysts.161b 
 
Table 4.7 Precatalyst screening for the direct arylation of 1-methylpyrrole.a 
Entry Precatalyst Yield (%)b 
1 - 0 
2 156 85 
3 157 97 
4 158 88 
5 159 87 
6 160 84 
7 161 88 
a
 Reaction conditions: 1 mol-% precatalyst, 1-methylpyrrole (3.0 equiv.), 4-
bromoacetophenone (1.0 mmol), KOAc (2.0 equiv.), DMA (3 ml), 150°C, 20 h. b Yields 
determined by GC-MS with decane as internal standard; average of two runs. 
 
However, it is possible to discern a certain trend within the observed yields. The poorest 
precatalysts are complex 156 and 160, which feature either a bromopropyl side chain or a 
tethered diisobutylamine functionality, while the most efficient precatalyst 157 has a 
diethylamine functionality in the side chain. The complexes only differ in terms of the secondary 
amine ligand, which is lost upon formation of the catalytically active species, and the nature (or 
absence) of the tertiary amine functionality in the side chain. Therefore, it is likely to assume that 
the coordination of the tertiary amine functinality, which can stabilize the catalytically active 
species, is the main factor which determines the yield of cross-coupled product 163. In 157, the 
relatively small ethyl groups allow for efficient coordination of the tertiary amine, thereby 
stabilizing the catalytically active species, while the absence of an amine functionality in 156, or 
the steric shielding of it by the bulky isobutyl groups in 160, doesn't allow this kind of 
stabilization. The other complexes occupy a middle ground between these extremes, and the 
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yields of 163 mirror the relative ease with which the tertiary amine can coordinate and prolong 
the catalyst lifetime under the harsh conditions required for the direct arylation to proceed.  
4.3. Towards bulky indazolin-3-ylidene ligands 
Despite the successful application of indy complexes of palladium(II) as precatalysts for 
Sonogashira couplings, hydroaminations, and the direct arylation of 1-methylpyrrole, their 
catalytic activities are severely limited in other reactions, which have been shown to be readily 
catalysed by palladium complexes featuring different types of NHC ligands. 
Besides bulky phosphines, NHCs have been frequently used as ligands for Hartwig-Buchwald-
type cross-couplings. 162  Indeed, the coupling between bromobenzene and pyrrolidine, a 
moderately reactive substrate for this type of reaction, proceeded in good yields when using the 
PEPPSI-type complex trans-[PdCl2(IPr)(pyridine)] as precatalyst (Scheme 4.13).74 However, 
under identical reaction conditions, not even traces of product could be detected when complexes 
133 and 135-140 were used instead. 
 
 
Scheme 4.13. Hartwig-Buchwald cross-coupling using trans-[PdCl2(IPr)(pyridine)] and indy 
complexes 133 and 135-140. 
 
Another useful reaction is the α-arylation of ketones. This reaction is mechanistically related to 
the cross-coupling between organometallic compounds and aryl halides, but instead of the 
former, in situ generated ketone enolates are used, and α-aryl ketones are obtained as the 
products. For this reaction to proceed, transition metal catalysts are required. Similar to the 
Hartwig-Buchwald coupling, complexes of late transition metals (typically group 10 metals) with 
bulky phosphine ligands have been used, but it has been demonstrated that palladium(II) NHC 
complexes are capable of acting as catalysts for this C-H functionalization reaction.163 However, 
when the reaction between bromo- and chlorobenzene and propiophenone was examined under 
previously reported conditions was attempted, no product was found in the case of the reaction 
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with chlorobenzene, and only minor traces with bromobenzene (Scheme 4.14).73b Since these 
traces were close to the detection limit of GC-MS, attempts at reaction optimization were deemed 
to be futile. 
 
 
Scheme 4.14. Failed attempts at the α-arylation of propiophenone using indy complex 161 as 
precatalyst. 
 
Due to the structural diversity of the indy complexes studied for their performance in the 
Hartwig-Buchwald amination and the direct arylation of propiophenone, it can be concluded that 
their poor performance must be traced back to the indy ligand itself. Possible shortcomings of 
this ligand could either be the inability to stabilize the catalytically active species under reaction 
conditions, or the undesired stabilization of an intermediate or resting state in the catalytic cycle 
to such an extent that no reaction can occur. The former possibility can be ruled out based on the 
performance of indy complexes in other types of reaction, which require even harsher reaction 
conditions than the ones used for the α-arylation and Hartwig-Buchwald cross-coupling. 
When considering the catalytic cycles of both reactions, they both contain an oxidative addition 
step to an aryl halide as the first step, and the realese of the final product through reductive 
elimination. The introduction of the second substrate to the coordination sphere differs, however. 
In the Hartwig-Buchwald cross-coupling, the amine coordinates to the metal center, and is 
subsequently deprotonated by the base, while the ketone is first transformed into the enolate by 
the base, and subsequently transmetallated to palladium. Oxidative additions are favored by 
electron-rich, sterically readily accessible metal centers. It is reasonable to assume that the 
strongly σ-donating and sterically unassuming indy ligands are ideally suited to facilitate this 
step. The transmetallation step or the coordination of the amine and its subsequent deprotonation 
are equally favored by a sterically unencumbered metal center, although the reduced Lewis 
acidity of palladium(II) in the indy complexes might not be ideal for the coordination of the 
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amine. The reductive elimination is favored by an electron-poor metal center, and sterically bulky 
ligands.52,149 Clearly, neither of these criteria are met in the indy complexes, and it can be 
assumed that the reductive elimination step is the main barrier that hinders both reactions. 
In indazolin-3-ylidene ligands, only one nitrogen substituent is adjacent to Ccarbene, and the other 
position at which sterically bulky moieties could be installed is C-7, wich is relatively remote to 
the carbene carbon, and modifications in this position are synthetically challenging. 
The introduction of bulky substituents on N-2 is limited by the currently employed synthetic 
methodologies used for the preparation of indy ligand precursors. A survey of the literature 
reveals that with one exception, ligand precursor salts were prepared through alkylation reactions 
starting from indazole.41 This approach is viable for the introduction of primary alky chains, but 
problems arise when different substituents at N-1 and N-2 are desired, because the first alkylation 
step proceeds without regioselectivity. No report has been made of the use of secondary or 
tertiary alkyl substituents in indazolium salts used as NHC precursors, although 2-
isopropylindazole and 2-tert-butylindazole have been prepared by alkylation of indazole in 
moderate yields.164 
A more flexible approach was chosen by Zhao and coworkers (Scheme 4.15).41c They reacted 2-
nitrobenzaldehyde with different anilines, and subjugated the obtained imines to the Cadogan 
reaction, which produced the desired indazole by deoxygenation of the nitro group.165 
 
 
Scheme 4.15. 2-Arylindazole synthesized from 2-nitrobenzaldehyde. 
 
 
Lee at al. have reported a different approach at constructing 2-substituted indazoles through a 
three-component condensation reaction. 166  Starting from commercially available 2-
bromobenzaldehyde (178), the aldehyde functionality is converted into an imine in situ by 
reaction with either anilines or primary amines, and under copper catalysis, the bromide is 
converted into an azide. In a second catalytic step, the azide coordinates to copper, is activated 
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for an intramolecular attack by the imine nitrogen, and the heterocycle is formed, while 
dinitrogen is formed as a byproduct. In this reaction, a wide variety of anilines could be used as 
substrates, although sterically bulky anilines tend to give low yields. More interestingly, it has 
also been shown that functionalities such as esters and acetals can be present in the amine 
component, and that alkylamines such as cyclopropylamine and 1-adamantylamine are good 
substrates. This indicates that the introduction of the desired bulky substituents in 2-position is 
synthetically possible with this methodology, given the wide availability of primary amines and 
anilines. 
In an initial assessment, the synthesis of four 2-functionalized indazoles was reproduced. 
(Scheme 4.16). Throughout, the yields were considerably lower than the reported yields, which is 
at least partially due to the unusually difficult workup procedures and the tedious separation of 
the product from byproducts and reagents by column chromatography. 
 
 
Scheme 4.16. Indazoles with aryl- and alkyl-substitution in 2-position made from 2-
bromobenzaldehyde. 
 
While no product could be isolated for the reaction mixture in the case of mesityl-subsituted 
indazole 180, and yields were too low to be synthetically useful for 2-pyridyl-substituted indazole 
181, the phenyl- and 1-adamantyl-substituted indazoles 179 and 182 were isolated in moderate 
yields. When assessing these reactions for their usefulness, it should be kept in mind that 
alkylation reactions only yield ~50% of 2-substituted indazole. By comparison to this, the 
condensation route is a viable alternative. While the phenyl substituent in 179 is sterically 
unassuming, the 1-adamantyl moiety in 182 is very bulky, so this compound was the focus of 
further efforts. However, it was found to be impossible to convert 182 into an indazolium salt by 
alkylation in 1-position (Scheme 4.17). Neither the reaction with a large excess of ethyl iodide at 
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70 °C for 24 h, nor the attempted alkylation using an oxonium salt were successful, and the 
starting material was reisolated in both cases. Since oxonium salts were able to aklylate even very 
electron-poor pyrazoles under identical reaction conditions (vide supra), the reason 182 did not 
react is in all likelihood the steric shielding of N-1 by the bulky and unflexible 1-adamantyl 
group directly adjacent to it. 
 
 
Scheme 4.17. Attempted alkylation reactions with 1-adamantyl-substituted indazole 179. 
 
A reduction in steric bulk is possible by using changing the substituent in 2-position to a 
conformationally less rigid and less bulky group. Heartened by the fact that cyclopropylamine 
can undergo Sun et al.'s condensation reaction, cyclohexylamine was examined as substrate 
(Scheme 4.18). Indeed, 2-cyclohexylamineindazole (186) could be obtained in moderate yields, 
but the removal of trace impurities from the product was difficult even by column 
chromatography. Reasoning that the indazolium salt would be easier to purify, the still impure 
material was subjected to an alkylation reaction with methyl triflate. As expected, the low 
solubility of indazolium salt 184 in esters, ethereal solvents and hydrocarbons allowed to remove 
trace impurities, which were carried over from the condensation reactiong, by washing with 
diethyl ether, and an analytically pure product was obtained in a yield of 32% over two steps. 
 
 
Scheme 4.18. Synthesis of 1-methyl-2-cyclohexylindazolium triflate (187). 
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The relatively low yield of 187 is due to the low yield of the condensation product 186, not 
because of the alkylation step which proceeded satisfactorily. In an attempt to suppress the 
formation of side products, the condensation of 178 and 185 to the imine was carried out as a 
separate step, followed by a separate reaction to exchange the bromide for an azide and condense 
these functionalities into the indazole ring. However, while the first reaction proceeded 
quantitatively, the second step gave yields that were equal to the one-pot procedure. Therefore, 
the additional experimental effort of carrying out two separate reactions did not pay off, and 
future efforts should be directed at optimizing the one-pot reaction instead by examining different 
copper(I) catalysts. 
Having demonstrated the feasibility of preparing indazolium salts with bulky alkyl side chains in 
2-position, the synthesis of palladium(II) complexes based on this ligand precursor was 
undertaken. Similar to salt 131, the reaction with silver(I) oxide yielded a labile silver(I) NHC 
complex,63a which was directly used in transmetallation reactions to suitable palladium 
complexes. The reaction with [PdBr2(iPr2-bimy]2 (30) gave the hetero-bis(NHC) complex trans-
[PdBr2(iPr2-bimy)(indy-Cy)] (188, indy-Cy = 1-methyl-2-cyclohexylindazolin-3-ylidene) in 78% 
yield, while transfer to in situ prepared [PdBr2(acetonitrile)2] yielded 71% of the dimeric species-
[PdBr2(indy-Cy)]2 (189), which is an analogous to 133 (Scheme 4.19). 
 
 
Scheme 4.19. Preparation of palladium(II) complexes bearing the indy-Cy ligand. 
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Both compounds were isolated as yellow solids. Their solubilities were comparable to those of 
structurally related complexes. Like hetero-bis(NHC) complex 116, complex 188 is readily 
soluble in aprotic polar organic solvents and chlorinated solvents, while complex 189 behaves 
similar to acetonitrile adduct 117 and dimeric indy complex 133, which are only soluble in polar 
organic solvents which can coordinate to the metal center, such as DMSO, acetonitrile, and 
DMF.120,136 
The successful complex formation was corroborated by all characterization data. In the 1H NMR 
spectra of 188 and 189, the resonace attributable to the acidic proton on C-3 in 187 is not 
observed anymore, indicating deprotonation at this position and carbene formation. Upon 
complex formation, the most downfield resonance for the four aromatic protons of the indazole 
backbone was shifted further downfield by 0.2 − 0.5 ppm, while the remainder of the aromatic 
region was unchanged. The resonance assigned to the methine proton of the cyclohexyl ring 
experienced also a downfield shift by 0.2 − 0.3 ppm, while the nitrogen-bound methyl group 
resonated more upfield in the complexes than in the precursor salt.  
For complex 188, two Ccarbene resonances are present in the 13C NMR spectrum. These are 
observed at 181.6 ppm and 177.8 ppm, respectively. By comparison to values reported for the 
related complex 116, the former resonance can be assigned to the iPr2-bimy ligand, while the 
latter belongs to the indy-Cy ligand. With a chemical shift for iPr2-bimy above 180 ppm, indy-Cy 
is among the most strongly s-donating ligands placed on the 13C NMR donor strength scale so 
far.48 
The 13C NMR spectrum of dimer 189 showed the Ccarbene peak at 157.0 ppm. This is downfield 
from the values found for the chemically similar complexes 117 and 133.120,136 It should be noted 
that the spectrum for this compound was recorded in DMSO-d6, and instead of the acetonitrile 
adduct, which was the prevalent species in the NMR samples of 117 and 133, a DMSO adduct of 
the formula trans-[PdBr2(dmso)(indy-Cy)] was most likely the observed species in the case of 
complex 189. This notion is supported by ESI-MS data, with peaks being assignable to 
mononuclear dmso adducts instead of a dimeric species. However, elemental analysis data for 
189 is in agreement with the dimeric structure. 
Single crystals suitable for X-ray diffraction experiments were grown from a concentrated 
dichloromethane/acetonitrile solution in the case of 188, and a ternary mixture of 
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dichloromethane, DMSO and acetonitrile in the case of 189, which crystallized as the acetonitrile 
adduct 190 (Fig. 4.9 and Table 4.8). 
 
 
Fig. 4.9. Molecular structures of indy-Cy complexes 188 and 190 (hydrogen atoms and 
disordered in the cyclohexyl ring of 189 have been omitted for clarity, thermal ellipsoids are 
drawn at 50% probability). 
 
Table 4.8. Selected bond lengths [Å] and angles [deg] in 188 and 190. 
 188 190 
Pd1-Cindy 2.050(3) 1.949(4) 
Pd1-Cbimy/N3 2.011(3) 2.077(4) 
Pd1-Br1 2.4406(7) 2.4152(8) 
Pd1-Br2 2.4373(6) 2.4277(8) 
Cindy-Pd1-Br1 92.7(1) 87.1(1) 
Cindy-Pd1-Br2 92.7(1) 89.8(1) 
Br1-Pd1-Cbimy/N3 88.4(1) 90.6(1) 
Br2-Pd1-Cbimy/N3 85.8(1) 92.5(1) 
Cindy-Pd1-Cbimy/N3 176.4(2) 176.2(2) 
Br1-Pd1-Br2 171.19(3) 176.89(2) 
 
In both complexes, the palladium center adopts a slightly distorted square-planar coordination 
geometry with a trans-arrangement of the bromido ligands. The NHC ring planes are almost 
perpendicular to the coordination plane, and the bimy and indy ring planes in 188 are oriented 
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parallel to each other. This is different from the situation in the structurally related pyry complex 
116, where a torsion of ~18° was found between the ring planes. This indicates a lower level of 
steric congestion in complex 188, possibly because of the greater conformational flexibility of the 
cyclohexyl ligand when compared to a phenyl group. In both 188 and 190, the cyclohexyl moiety 
adopts a boat conformation.  
The Pd-C bond distances in 188 are 2.031(5) Å for the Pd-Cbimy bond and 2.050(3) Å for the Pd-
Cindy bond. While the former bond length is identical to the corresponding value in 116, 
suggesting an equal level of trans-influence for the indy and pyry ligands, the Pd-Cindy bond in 
188 is longer than the Pd-Cpyry bond in 116.120 By contrast, comparison of bond lengths between 
complex 190 and the indy and pyry congeners 134 and 117 reveals essentially identical Pd-C 
bond distances in all three compounds, and a slightly shorter Pd-N contact in 190.120,136 
Nevertheless, bond distances and angles are in good agreement with the previously described 
structures. 
The small acetonitrile ligand in 117, 134 and 190 does not influence the conformation of the pyry 
and indy ligands in these complexes. Therefore, the molecular structures of these three 
compounds are ideally suited to calculate %Vbur values for the pyry, the indy-5 and the indy-Cy 
ligand (Fig. 4.10).54 
 
 
Fig. 4.10. Buried volume (%Vbur) for the pyry, the indy-5 and the indy-Cy ligands. 
 
With a buried volume of only 23.3%, the pyry ligand is the smallest among the three, followed by 
indy-5 with a buried volume of 25.1%. The indy-Cy ligand is the largest, with 27.5% of the 
coordination sphere shielded by it. However, it should be noted that despite the observed 
increase, the indy-Cy ligand is still less bulky than most commonly used NHC ligands.54b 
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Future work in this field should exploit the plethora of primary amines that are commercially 
available. This includes cycloalkylamines with varying ring-sizes and conformationally locked 
cycloalkylamines, and acyclic amines such as isopropylamine or tert-butylamine. However, a 
careful optimization of the three-component condensation reaction is required to pursue this 
approach further. An interesting alternative to the homogeneous catalyst used by Sun et al. is the 
application of copper nanoparticles as catalysts as described by Sarghi and Aberi, which has been 
demonstrated to give 2-tert-butylindazole in 79% yield.166,167 
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5. Thioether-functionalized NHC Complexes 
Similar to the tethered tertiary amine functionalities in the side chain of NHC ligands, which 
were discussed in the previous chapter, it is also possible to include donor functionalities based 
on other elements. Donors based on nitrogen-, oxygen- and phosphorous are common, and κ2-
chelating as well as pincer-type complexes have been reported.55,168 Usually, functionalities based 
on these elements form relatively strong bonds to transition metals. These complexes benefit 
from chelate effects, and especially in the case of pincer complexes, they can reach remarkable 
levels of stability. However, due to the irreversible binding of NHCs to metals and the strong 
coordination of the additional donor moiety, two coordination sites are inaccessible for substrates 
in the catalytic cycle. This is not true in the case of weakly coordinating functionalities, such as 
electron-poor donor sites, and in cases where hard donor is mismatched to a soft metal center or 
vice versa. In such situations, the tethered donor moieties exhibit hemilabile behavior, striking a 
balance between stabilizing the catalytically active species by chelation, and opening up 
coordination sites for incoming substrates.57 
 
 
Fig. 5.1. Selected complexes bearing NHCs with sulfur-based functionalities in the side chain. 
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Sulfur-based functionalities in the side chains of NHC ligands have been less explored than 
donor-functionalities based on other elements.169 Since sulfur can adopt a variety of oxidation 
states easily, a wide variety of sulfur-containing moieties can be introduced, which includes 
sulfonates, sulfoxides, thiolates, thioethers and thiophenes(Fig. 5.1).55f, 170  Among these, 
especially thioethers exhibit pronounced hemilabile behavior, making them an excellent choice to 
be paired with strongly coordinating NHCs.171 
5.1. Platinum(II) Complexes Bearing Thioether-functionalized 
Benzimidazolin-2-ylidene Ligands 
5.1.1. Synthesis of Thioether-functionalized Benzimidazolium Salts 
Benzimidazolium salts with an alkyl-alkyl thioether side chain can be prepared in three steps 
from benzimidazole (Scheme 5.1).172 
 
 
Scheme 5.1. Synthesis of thioether-functionalized benzimidazolium salts. 
 
The preparation of benzimidazoles 196-198, which bear substituents of varying steric bulk, can 
be done following established procedures.124, 173  Deprotonation of benzimidazole by sodium 
hydroxide, followed by alkylation with alkyl bromides, yields 196-198 in good yields. The 
second side chain, which contains the thioether functionality, was built up in two steps. 
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Bromoethyl- and bromopropyl-substituted benzimidazolium salts were obtained by alkylation 
with 1,2-dibromoethane and 1,3-dibromopropane, respectively. The bifunctional reagents open 
up the possibility of side reactions. Since the products 199-204 contain a nucleophilic moiety 
themselves, they can react with another molecule of 196-198, and form cross-linked, dicationic 
benzimidazolium salts. To mitigate this problem, a large excess of alkylation agent was used in a 
dual role as reagent and solvent.55f,155 Unreacted 1,2-dibromoethane and 1,3-dibromopropane 
could be recycled by distillative removal from the reaction mixture, and used for subsequent 
batches. Nevertheless, considerable amounts of dicationic byproduct were formed, from which 
the products had to be isolated by extraction with dichloromethane. In this solvent, the desired, 
monocationic products are somewhat soluble, while the dicationic, cross-linked material did not 
dissolve. The products were obtained as colorless solids, and generally showed low solubilities in 
chlorinated and polar aprotic organic solvents, while being insoluble in ethereal solvents and 
hydrocarbons. 
The bromoalkyl-substituted benzimidazolium salts 199-204 were then subjected to a nucleophilic 
substitution with propane-2-thiolate, which was generated in situ by deprotonation of the 
corresponding thiole with sodium hydroxide under an inert atmosphere to prevent the formation 
of disulfides. After 15 h, thioester-functionalized benzimidazolium salts could be isolated in 
moderate to excellent yields. With the exception of 209, which was a highly viscous oil, all 
benzimidazolium salts were isolated as white or off-white solids. With the introduction of the 
thioether moiety into the molecule, solubilities in chlorinated solvents increased markedly, but 
the salts 205-210 remained insoluble in hydrocarbons and ethereal solvents. 
5.1.2. Platinum(II) Complexes: Synthesis and Characterization 
Three different pathways were explored for the preparation of κ2-C,S platinum(II) complexes 
incorporating ligands 205-210. Using platinum(II) acetylacetonate as a precursor complex with 
basic ligands, in the presence of potassium bromide as external bromide source, did not lead to 
the formation of a chelating complex when using benzimidazolium salt 205, even after prolonged 
heating of the reaction mixture in acetonitrile.174 In the case of platinum(II) bromide as metal 
source and sodium acetate as external base, the formation of small amounts of a platinum(II) 
complex was observed, but the reaction was accompanied by a severe amount of decomposition 
reactions which led to a very low yield, and the crude mixture was found to be hard to purify. 
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The silver carbene transfer protocol was found to be a higher yielding and more convenient route 
to platinum(II) NHC complexes.63a Unstable silver(I) NHC complexes were formed in the 
reactions of benzimidazolium salts 205-210 with silver(I) oxide. These species, which could not 
be isolate in substance but were observed by means of ESI-MS, were directly reacted with freshly 
prepared [PtBr2(dmso)2] solutions. In each case, the transmetallation proceeded rapidly, and 
platinum(II) NHC complexes were isolated in moderate to good yields (Scheme 5.2). 
 
 
Scheme 5.2. Synthesis of κ2-C,S platinum(II) NHC complexes 211-216. 
 
The platinum(II) complexes 211-216 were obtained was white to off-white, microcrystalline 
solids. Yields varied widely, from a mere 44% for complex 215 to a quantitative yield in the case 
of 214. All six complexes showed unusually low solubilities. They were insoluble in most 
common organic solvents, and sparingly soluble in chlorinated solvents and DMSO. 
For this reason, NMR samples were prepared using DMSO-d6. The 1H NMR spectra of 211-216 
differed clearly from those of the precursor salts 205-210. The resonance of the acidic proton on 
C-2 in the benzimidazolium salts was not observed anymore in the spectra of the complexes, 
indicating their successful deprotonation and conversion into benzimidazolin-2-ylidenes. While 
changes to the chemical shifts of the resonances in the aromatic region were only minor, 
differences in the aliphatic region were drastic. The signals attributable to the thioether side 
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chains changed dramatically, with a downfield shift of the resonances in the complexes, and a 
marked increase in the complexity of coupling patterns. Since the κ2-C,S coordination mode 
renders the methylene protons in the newly formed metallacycle diastereotopic, such changes 
were to be expected, and confirm the assigned structures of complexes 211-216. Interestingly, 
diasterotopic splitting of the NCH2 protons of the isobutyl side chains in 212 and 215 is also 
observed. 
The Ccarbene resonances in the 13C NMR spectra of the platinum(II) complexes 211-216 had 
chemical shift in the range from 150.6 ppm to 156.0 ppm. These values agree well with 
previously reported chemical shifts for platinum(II) complexes with benzimidazolin-2-ylidene 
ligands.175 The resonances did not show satellites caused by carbon-platinum coupling. This is 
not uncomon because of the low signal intensity of Ccarbene resonances, which together with the 
poor solubility of 211-216 made it impossible to observe these weak signals.  
For complexes 214 and 216, the NMR spectra showed the presence of multiple species. Attempts 
at separating them by means of crystallization or column chromatography failed. This suggests a 
dynamic equilibrium between these species, which is not uncommon for complexes of thioether-
functionalized NHCs with group 10 metals.57d,171b,c While platinum(II), as the softer metal center, 
has a higher affinity for sulfur-based donor moieties then the comparatively harder palladium(II), 
it is not impossible that destabilizing factors in 214 and 216, such as the ring strain in the seven-
membered metallacylce, destabilize the κ2-C,S chelate form sufficiently to induce conversion into 
other species (Fig. 5.2). 
 
 
Fig. 5.2. Dimeric species potentially coexisting with the monomeric complexes 214 and 216. 
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To confirm the assigned structures, single crystal X-ray diffraction experiments were carried out. 
The prerequisite single crystals of 211-216 were grown by slow evaporation of concentrated 
solutions(212, 214, and 215 from dichloromethane, 211 from dichloromethane/THF, 213 from 
dichloromethane/hexane, and 216 from dichloromethane/toluene). As expected based on 
spectroscopic data, the chelating κ2-C,S coordination mode was found for all complexes (Fig. 5.3, 
Fig. 5.4, and Fig. 5.5).  
 
 
Fig. 5.3. Molecular structures of complexes 211 and 214 (hydrogen atoms have been omitted for 
clarity, thermal ellipsoids are drawn at 50% probability). 
 
The coordination geometry at the platinum center is distorted square-planare in all cases, with a 
cis-arrangement of the bromido ligands. While a trans-geometry would be energetically more 
favorable purely on electronic grounds, it is not possible due to the constraints imposed by the 
tether between the thioether and NHC moieties. The six- and seven-membered metallacycles in 
the chelate complexes adopt slightly distorted boat conformations, irrespective of the number of 
atoms in the ring. The plane defined by the aromatic system of the benzimidazolin-2-ylidene 
ligand is twisted out of the coordination plane by 55.0(5)-71.5(5)°. Thes values are lower than the 
twist observed in the indy complexes described above. The most plausible reason for this 
different behavior is the constraint imposed by the tether between the two coordinating moieties, 
which severely restricts twist angles in the case of complexes 211-213 with ethylene-thethered 
thioethers. For the propylene-tethered complexes 214-216, which possess a higher degree of 
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Fig. 5.4. Molecular structures of complexes 212 and 215·0.5 CH2Cl2 (hydrogen atoms and 
solvent molecules have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
 
Table 5.1. Selected bond lengths [Å] and angles [deg] in complexes 211-216. 
 211 212 213·MeC 214 215·0.5CH2Cl2 216 
Pt1-C1 1.972(8) 1.972(6) 1.972(5) 1.970(5) 1.975(9) 1.971(6) 
Pt1-S1  2.267(2) 2.271(1) 2.279(2) 2.267(1) 2.277(3) 2.277(1) 
Pt1-Br1 2.4478(9) 2.4410(7) 2.4546(7) 2.4580(6) 2.444(1) 2.4496(7) 
Pt1-Br2 2.4819(9) 2.4765(7) 2.4845(5) 2.4824(6) 2.492(1) 2.4886(8) 
C1-Pt1-S1 92.0(3) 90.6(2) 91.5(2) 93.1(2) 94.5(3) 94.2(4) 
C1-Pt1-Br1 89.5(3) 93.3(2) 91.8(2) 89.4(1) 91.1(3) 91.4(2) 
S1-Pt1-Br2 88.23(6) 84.99(4) 87.28(4) 84.83(4) 85.11(7) 83.21(4) 
Br1-Pt1-Br2 90.48(3) 91.45(2) 89.90(2) 92.70(2) 89.00(4) 91.08(2) 
C1-Pt1-Br2 179.0(3) 174.7(2) 176.7(2) 177.9(1) 178.0(3) 177.0(2) 
S1-Pt1-Br1 171.21(6) 171.86(4) 169.18(4) 174.83(4) 171.44(7) 173.03(4) 
 
The ligand-platinum bond distances varied only marginally between different complexes 
(Table 5.1). For the Pt-C bond, an average bond length of 1.972 Å was found, and the average 
Pd-S bond length was 2.273 Å. Since the NHC and the thioether moiety differ vastly in terms of 
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trans-influence, the average Pt-Br1 bond was shorter with an average length of 2.449 Å, while a 
longer average bond distance was found for the Pt-Br2 bond trans to the carbene with an average 




Fig. 5.5. Molecular structures of complexes 213·MeCN and 216 (hydrogen atoms and solvent 
molecules have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
5.1.3. Applications in Catalysis 
Hydroaminations of carbon-carbon multiple bonds are an important class of atom economic 
transformations.143 Although they are thermodynamically favored, they require a catalyst to 
proceed. Besides palladium NHC complexes (vide supra),136,137b,142 salts and complexes of group 
9 to group 12 metals catalyze these reactions,176 including NHC complexes of other metals such 
as zirconium, rhodium, iridium and gold.94c,177 Platinum, whether as a simple salt or in more 
elaborate complexes, can also catalyze hydroaminations,178  and a number of platinum NHC 
complexes have been reported as active catalysts.73d,179 For this metal, detailed experimental and 
computational studies are also available.180 
To assess the catalytic activities of complexes 211-216 for intermolecular hydroamination 
reactions, the same model reaction as in chapter 4 was chosen - the hydroamination of 
phenylacetylene with sterically hindered 2,6-dimethylaniline (Scheme 5.3, cf. also Scheme 4.8). 
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However, due to the higher activity of the platinum(II) complexes, milder conditions and shorter 
reaction times could be used (Table 5.2). 
 
 
Scheme 5.3. Hydroamination of phenylacetylene using platinum catalysts. 
 
Table 5.2. Catalytic performance of platinum complexes for the intermolecular hydroamination.a 
Entry Precatalyst Yield (%)b 
  No additive + 2% AgOTf 
1 - 0 8 
2 211 0 34 
3 212 3 75 
4 213 1 87 
5 214 0 38 
6 215 0 31 
7 216 0 61 
a
 Reaction conditions: 1 mol% precatalyst, phenylacetylene (2.0 eq), 2,6-dimethylaniline 
(1.0 mmol), toluene (3 mL), 80 °C, 3 h.  b Yields determined by GC-MS with decane as internal 
standard, average of two runs. 
 
At temperatures of 80°C, and reaction times of 3 h, all six complexes were able to catalyze the 
formation of imine 150 in moderate to good yields, and similar to the reaction catalyzed by 
palladium(II) NHC complexes, the Markovnikov product was exclusively observed. However, 
the presence of silver(I) triflate was required to enhance the catalytic activity, most likely by in 
situ removal of the bromido coligands and generating free coordination sites. In the absence of 
this additive, only trace amounts of 150 could be detected with complexes 212 and 213, which 
were also the most active precatalysts when silver(I) triflate was added. Without the addition of a 
platinum precatalyst and silver salt, no product formation was observed, while a small amount of 
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150 was formed when only the silver(I) triflate was present. However, with a yield of only 8%, 
silver(I) triflate on its own is a poor catalyst. 
The best-performing precatalysts were complexes 213 and 216, which bear NHC ligands with the 
bulky benzhydryl side chain. While in the absence of silver(I) triflate, the reaction is limited by 
substrate coordination to platinum(II), with the additive the rate-limiting step is most likely the 
dissociation of the product from the metal center after the attack of the amine on the activated 
alkyne. The higher steric bulk of the NHC ligand in 213 and 216 favors this step, which explains 
the good yields. When comparing between the ethylene-tethered complexes 211-213 and the 
propylene-tethered complexes 214-216, on average better results were obtained with precatalysts 
that have a six-membered metallacycle. It should be noted, however, that complex 214 with a 
seven-membered metallacycle slightly outperformed its six-membered metallacycle analogue 
211. The reason for the superior performance of 212 and 213 is the higher stability of the less 
strained six-membered ring, which enhances the stability of the catalytically active species and 
prolongs its lifetime.  
In comparison to other catalysts described for this reaction, the best-performing precatalyst 213 
allowed for shorter reaction times, lower catalyst loading, and milder reaction conditions.181 
Since complexes 211-216 were active precatalysts for the intermolecular hydroamination of 
alkynes, the question arises whether they are able to catalyse other hydroelementation reactions 
and whether they show reactivity towards alkenes as well. Hydrosilylations are a convenient way 
to synthesize alkylsilanes and alkenylsilanes,182 and the most commonly employed catalysts for 
this reaction, the Speier catalyst and the Karstedt catalyst, are based on platinum.183 One of the 
major drawbacks of these commercially used systems is the rapid formation of platinum black 
during the reaction, which reduces the regioselectivity of the hydrosilylation. For platinum(0) and 
platinum(II) NHC complexes, higher complex stabilities are found and the problematic 
decomposition to platinum black does not occur as readily.73a,184  
To study the activity of the platinum(II) complexes 211-216, the reaction between styrene and 
bis(trimethylsilyloxy)methylsilane was chosen as benchmark, using reaction conditions which 
have been previously used for this reaction with platinum NHC complexes (Scheme 5.4).184j The 
catalytically active species is formed rapidly under reaction conditions, so in in contrast to the 
hydroamination, no additives were required for this reaction.185 




Scheme 5.4. Hydrosilylation of styrene catalyzed by platinum(II) NHC complexes. 
 
Table 5.3. Precatalyst screening for the hydrosilylation of styrene.a 
Entry Precatalyst Yield (%)b  219/220 
1 - 0 - 
2 211 79 87/13 
3 212 75 87/13 
4 213 86 88/12 
5 214 >99 89/11 
6 215 >99 88/12 
7 216 >99 88/12 
a
 Reaction conditions: 0.5 mol% precatalyst, styrene (4.0 mmol), silane 218 (1.1 eq), 70 °C, 5 h.  
b Yields determined by GC-MC with decane as internal standard, average of two runs. 
 
All tested complexes showed a high level of activity under very mild conditions, and no 
formation of platinum black was observed. After 5 h at 70°C, quantitative yields were obtained 
when complexes 214-216 were used as precatalysts, while lower yields were produced when 
using 211-213 (Table 5.3). During the reaction, it was observed that the complexes were only 
sparingly soluble in the reaction mixture, and differences in solubility are the most likely cause 
for the observed trends in catalytic activity. The longer aliphatic side chain in the best-performing 
complexes enhances the solubility in the relatively unpolar reaction mixture, thus increasing the 
concentration of the catalyst. This in in line with observations made in previous studies, which 
report that at temperatures lower than 50 °C, low reactivities were observed due to the poor 
solubilities of the precatalyst.184j 
While for 214-216, uniformely quantitative yields were observed, differences in reactivity were 
discernible for ethylene-tethered complexes 211-213. Complex 212 with an isobutyl wingtip on 
the NHC ligand gave the lowest yields, followed by the complex 211 bearing a benzyl side chain 
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on the ligand, and complex 213 with the benzhydryl-substituted NHC gave the highest yield. 
However, it remains unclear whether this trend depends on complex solubilities or a beneficial 
influence of the increasing steric bulk. 
In all cases, the linear regioisomer 219 was the major product, but in contrast to the 
hydroamination, the reaction also produced the regioisomeric, branched alkylsilane 220 as a 
minor product. The observed selectivities for 219 were similar for all complexes and slightly 
better than those observed in previous studies.184j  
5.2. Palladium(II) Complexes Bearing Thioether-functionalized 
Benzimidazolin-2-ylidene Ligands 
5.2.1. Complex Synthesis, Characterization, and Dynamic Behavior 
While the silver carbene transfer reaction with benzimidazolium salts 205-210 to the 
[PtBr2(dmso)2] complex gives platinum(II) NHC complexes 211-216,63a,172 by transfer to 
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Scheme 5.5. Synthesis of κ2-C,S palladium(II) NHC complexes 221-226. 
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While complexes 221 and 222 were isolated in moderate to good yields, quantitative or near-
quantitative yields were obtained for all other complexes. The complexes are microcrystalline, 
yellow solids with poor solubility in chlorinated solvents such as dichloromethane and polar 
organic solvents such as DMSO. In ethereal solvents, esters and hydrocarbons, they are 
completely insoluble. This is in line with the behavior for other cis-complexes of group 10 
metals, which also showed poor solubility. However, in the presence of strongly coordinating 
solvents such as pyridine, the weakly bound thioether moiety can be displaced from the metal 
center, and more soluble trans-adducts are obtained. 
While 221-226 could be characterized by ESI-MS, elemental analysis, and X-ray diffraction 
studies in some cases, NMR spectra of the chelating complexes could not be recorded because of 
their poor solubilities. The situation was further complicated by the fluxional behavior exhibited 
by these complexes, which resulted in signal broadening due to a coalescence temperature close 
to ambient temperature. Therefore, the signals of the methylene groups in the thioether side 
chains, which were particularly affected by this behavior, were not observable. Since solubilities 
were already low in DMSO-d6 at ambient temperatures, measurements at low temperatures were 
impossible. However, the high boiling point of DMSO allowed to conduct measurements at 
elevated temperatures up to 368 K (Fig. 5.6). 
 
 








5. Thioether-functionalized NHC Complexes 
 
 141 
In the 1H NMR spectrum of 221, the resonances of the four protons in the ethylene liker were 
spread out into broad, barely detectable peaks, and the methine proton of the isopropyl moiety 
could not be observed at all at ambient temperature. As the temperature was increased, full 
coalescence occurred for these three singals, and by lowering the temperature again to 298 K, the 
initial spectrum could be fully restored. By contrast, the coalescence temperatures for complexes 
222-226 are higher, and these complexes decomposed before it could be reached. 
Since the low solubility of complexes 221-226 made their spectroscopic characterization 
difficult, and the fluxional behavior due to the weak coordination of the thioether moiety 
additionally muddled the situation, the complexes were converted into their pyridine adducts by 
reacting them with this ligand in dichloromethane. For complexes 221-223, clean adducts were 
obtained quantitatively, while mixtures of the desired adducts and other species were found in the 
case of complexes 224-226 with the propylene tether in the side chain. Purification attempts 
failed for these complexes because of a rapid re-equilibration. 
The pyridine adducts of 221-223 are readily soluble in polar organic solvents and chlorinated 
solvents, which made it possible to record their NMR spectra in deuterated chloroform. The 1H 
NMR spectra confirm the successful formation of NHC complexes, by the absence of the 
resonance due to the acidic proton on C-2. As expected, the introduction of an additional donor 
ligand into the complex suppressed the dynamic behavior, and sharp multiplets were observed for 
the methylene and methine moieties in the thioether side chains. This indicates a change from the 
labile κ2-C,S coordination mode to a more stable form with a pendant thioether side chain and a 
pyridine ligand completing the coordination sphere. 
The multiplets for the NCH2 moities' resonance are found between 5.13 ppm and 4.97 ppm, while 
the SCH2 methylene groups resonate between 3.47 ppm and 3.33 ppm. The SCH methine groups 
are found as multiplets or septets between 3.26 ppm and 3.06 ppm, while the methyl groups of 
the isopropyl moieties resonate as doublets at ~1.40 ppm. All of these values are shifted slightly 
downfield when compared to the respective benzimidazolium salt precursors. 
The Ccarbene resonances in their 13C NMR spectra are found between 163.3 ppm in 222 to 
166.6 ppm in 223. These chemical shifts are in good agreement with the values found for the 
Ccarbene resonance in other trans-[PdBr2(bimy)(pyrdine)] compexes.59a,115 
Single crystals suuitable for X-ray diffraction studies could be obtained by slow evaporation of 
concentrated solutions (222 in dichloromethane, 223 in dichloromethane/toluene, and 226 in 
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acetonitrile/hexane) and by slow diffusion of diethyl ether into a concentrated dichloromethane 
solution of 221. Despite all efforts, no single crystals of 224 and 225 could be grown, presumably 
due to the presence of the long, flexible aliphatic side chains in these complexes, which prevent 
efficient crystal packing. 
Only 221 and 226 show the expected κ2-C,S packing, while 222 and 223 crystallized as dimers, 
with Ccarbene and the thioether moiety coordination to different metal centers, thus forming 12-
membered metallacycles (Fig. 5.7 and Fig. 5.8). 
 
 
Fig. 5.7. Molecular structures of the κ2-C,S complexes 221 and 226 (hydrogen atoms have been 
omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
 
The chelate complexes 221 and 226 resemble their platinum(II) analogues 211 and 216. They 
have distorted square-planar coordination geometries around palladium, with a cis-arrangement 
of the bromido ligands. The six- and seven-membered metallacycles adopt slightly distorted boat 
conformations, and the NHC ring planes are twisted by 44.0(3)° out of the coordination plane in 
221, while the longer propylene tether in complex 226 allows a larger twist of 58.0(5)° due to a 
higher degree of conformational freedom. Nevertheless, these twist angles are smaller than in the 
platinum(II) complexes due to the smaller size of the palladium(II) center. 
The Pd-C bond distance in 221 is 1.974(3) Å, and a slightly longer bond with a length of 1.993(5) 
Å is found in 226 (Table 5.4). For the Pd-S bond, distances of 2.2955(9) Å and 2.296(1) Å are 
found, respectively, and similarly to what was observed for the platinum(II) chelate complexes 
(vide supra), the Pd-Br bonds showed a clear difference in lengths due to the drastically different 
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trans-influences of the thioether moiety and the NHC. The bond lengths in complexes 221 and 
226 are in good agreement with values found for structurally related chelate complexes.57d,171c 
 
Table 5.4. Selected bond lengths [Å] and angles [deg] in the κ2-C,S complexes 221 and 226. 
 221 226 
Pd1-C1 1.974(3) 1.993(5) 
Pd1-S1 2.2955(9) 2.296(1) 
Pd1-Br1 2.4739(6) 2.4799(7) 
Pd1-Br2 2.4392(5) 2.4431(7) 
C1-Pd1-S1 90.9(1) 94.1(2) 
C1-Pd1-Br2 92.39(9) 88.0(2) 
S1-Pd1-Br1 85.57(2) 85.21(4) 
Br1-Pd1-Br2 91.22(1) 92.61(2) 
C1-Pd1-Br1 176.33(9) 178.9(2) 
S1-Pd1-Br2 173.81(3) 172.93(4) 
 
 
Fig. 5.8. Molecular structures of the dimeric complexes 222 and 223·C7H8 (hydrogen atoms and 
solvent molecules have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
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Complexes 222 and 223 did not show the κ2-C,S coordination mode found in 221 and 226. 
Instead, the coordination unit contains two palladium(II) centers, each one with a distorted 
square-planar coordination geometry and a trans-arrangement of the NHC moiety and the 
thioether unit of another ligand. Such species have been proposed to exist in solution for 
structurally related palladium (II) and platinum(II) complexes, but before they were never 
directly observed.171c,172 However, is is common for sulfur-functionalized palladium(II) 
complexes to adopt multiple coordination modes.57d,169b,171a,b,187 
The observed bond distances in 222 and 223 agree well with reported values for structurally 
related compounds (Table 5.5).171a 
 
Table 5.5. Selected bond lengths [Å] and angles [deg] in complexes 222 and 223·C7H8. 
 222 223·C7H8 
Pd1-C1 1.95(1) 1.964(2) 
Pd1-S2 2.379(3) 2.3791(6) 
Pd1-Br1 2.434(2) 2.4308(3) 
Pd1-Br2 2.427(2) 2.4189(3) 
C1-Pd1-Br1 89.6(3) 89.08(7) 
C1-Pd1-Br2 85.0(3) 86.31(7) 
S2-Pd1-Br1 86.80(9) 89.88(2) 
S2-Pd1-Br2 98.93(9) 94.78(2) 
C1-Pd1-S2 174.1(3) 178.77(7) 
Br1-Pd1-Br2 173.27(6) 173.13(1) 
 
Comparison between the chelate complexes 221 and 226 and the dimeric complexes 222 and 223 
revealed shorter Pd-C bond distances in the latter. In 222, the Pd-C bond is 1.95(1) Å long, and in 
223 the bond distance is 1.964(2) Å. By contrast, the Pd-S bonds are longer in the dimeric 
complexes, with distances of 2.379(3) Å in 222 and 2.3791(6) Å in 223. These changes can be 
traced back to the differences in trans-influence after changing from cis- to trans-geometries. By 
consequence, the Pd-Br bond distances in the dimeric complexes falls between the extremes 
defined by the Pd-Br bond lengths trans to the thioether and carbene moieties in the chelating 
complexes. 
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It should be noted that while the dimeric form is clearly preferred for these two complexes in the 
solid state, in solution only complex 223 seems to exist predominantly as a dimer. In ESI-MS, a 
peak corresponding to the dimeric form was observed for 223, while for 222, only the peak 
assignable to the monomeric chelate complex was found. 
The weak sulfur-palladium bond can be cleaved easily by stronger carbon, nitrogen or 
phosphorus donors. To avoid problems with the low solubilities of cis-coordinated mixed NHC-
phosphine complexes, and the sometimes unsatisfactory stabilities of pyridine adducts, the weak 
coordination of the thioether moiety was demonstrated instead by introduction of a second NHC 
ligand. Hetero-bis(NHC) complexes of palladium(II) with a pendant thioether side chain in one 
NHC can either be synthesized by transmetallation of a silver(I) NHC species to complexes 221-
226, thereby cleaving the Pd-S bond, or by transmetallation of the silver(I) NHC complexes 
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Scheme 5.6. Synthesis of hetero-bis(NHC) complexes with a pendant thioether side chain. 
 
Both approaches were examined, and it was found that the reaction between [AgBr(iPr2-bimy] 
and complexes 221-226 was rather sluggish, and subject to the formation of homo-bis(NHC) 
complexes through ligand scrambling. By contrast, the reaction between [AgBr(bimy)] 
complexes prepared from 205-210 and dimer [PdBr2(iPr2-bimy)] (30) was faster and yielded the 
same complexes 227-232 in higher purities. This demonstrates that while the thioether moiety is 
labile, it is less readily displaced in transmetallation reactions than a µ-bromido ligand. Besides 
faster and cleaner reactions, this approach requires less individual reactions to obtain 227-232, 
5. Thioether-functionalized NHC Complexes 
 
 146
since it does not require the preparation of six individual precursor complexes 221-226, but 
always uses dimer 30 as starting material for the second transmetallation step. 
The hetero-bis(NHC) complexes 227-232 were obtained in yields ranging from 61 to 85% as 
yellow solids. They showed better solubilities than their mono-NHC counterparts 221-226. 
Complexes 227-232 were fully soluble in chlorinated solvents and polar organic solvents, but 
insoluble in ethereal solvents, hydrocarbons and esters. This allowed their full characterization, 
including NMR spectra besides ESI-MS, elemental analysis and X-ray diffraction. 
In their 1H NMR spectra the absence of the resonance due to the acidic proton on C-2 in the 
benzimidazolium salts was an indication for the successful formation of NHC complexes. For 
complexes 227-229 with an ethylene tether in the side chain, the resonances due to the NCH2 and 
SCH2 moieties were very similar to those of the pyridine adducts of complexes 221-223. The 
resonances for the thioether side chain in 228-232 were equally well-resolved, but were found 
more upfield in the case of the SCH2 and SCH moieties. The additional methylene group in the 
tether resonates as multiplet at 2.71 ppm to 2.60 ppm. In all six hetero-bis(NHC) complexes, the 
asymmetry of the thioether-functionalized bimy ligand, together with the sterically crowded 
environment around the metal center which hinders the rotation along the Pd-C bonds, leads to 
magnetically different environments for the isopropyl wingtips of the iPr2-bimy ligand, which 
consequently resonate as two distinct sets of signals. 
In the 13C NMR spectra of hetero-bis(NHC) complexes 227-232, there are two Ccarbene 
resonances, one for each bimy ligand. The iPr2-bimy Ccarbene resonances are found in the narrow 
range from 178.6 ppm to 179.6 ppm, and the thioether-functionalized bimy ligand has its Ccarbene 
resonance between 183.5 ppm and 186.3 ppm. The chemical shifts are in good agreement with 
previously reported values.48,132b When comparing the shifts between the different complexes, it 
becomes apparent that the variation of the non-functionalized side chain influences these 
chemical shifts more than the length of the thioether-functionalized side chain. The addition or 
removal of an additional methylene group to the linker has a negligible impact on the electronic 
properties of the complexes. 
Single crystals of the hetero-bis(NHC) complexes for X-ray diffraction experiments were grown 
by slow evaporation of concentrated solutions (227, 228 and 232 in dichloromethane/acetonitrile, 
and 229 in dichloromethane/hexane) or by the slow diffusion of hexane into a concentrated 
dichloromethane solution in the case of 230. No single crystals of 231 could be obtained, because 
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similarly to 224 and 225, the long aliphatic wingtip substituents hindered the crystallization. All 
hetero-bis(NHC) complexes adopt a distorted square-planar geometry around the palladium 
center, with a trans-arrangement of the two bimy ligands (Fig. 5.9 and Fig. 5.10). 
 
 
Fig. 5.9. Molecular structures of complexes 227, 228, and 230 (hydrogen atoms and molecular 
disorder have been omitted for clarity, thermal ellipsoids are drawn at 50% probability). 
 
With the exception of complex 228, crystallographic disorder was present in the long and flexible 
thioether side chains of all complexes. The bond distances between palladium and Ccarbene in the 
two different benzimidazolin-2-ylidene were comparable in all cases, and found to range from 
2.011(5) Å in complex 229 to 2.040(4) Å in complex 232 (Table 5.6). The Pd-Br bonds fall in the 
range from 2.440(2) Å to 24567(9) Å, and are slightly longer than those in complexes 222 and 
223 due to the reduced Lewis acidity of the palladium(II) center bearing two strongly donating 
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NHC ligands. The differences between the complexes are small, and all bond parameters are 
close to those reported for similar complexes.48,188 
 
Table 5.6. Selected bond lengths [Å] and angles [deg] in complexes 227-229·1.5 CH2Cl2, 230, 
and 232. 
 13 14 15 16 18 
Pd1-C1 2.031(7) 2.013(8) 2.029(5) 2.031(4) 2.040(4) 
Pd1-Ccarbene 2.027(7) 2.023(8) 2.011(5) 2.021(3) 2.01(2) 
Pd1-Br1 2.443(2) 2.456(2) 2.443(1) 2.4567(9) 2.4451(5) 
Pd1-Br2 2.440(2) 2.453(2) 2.447(1) 2.4383(9) 2.4262(6) 
C1-Pd1-Br1 90.9(2) 90.2(3) 91.9(9) 92.0(1) 94.3(1) 
C1-Pd1-Br2 89.9(2) 92.5(3) 91.0(1) 88.9(1) 89.4(1) 
C-Pd1-Br1 89.1(2) 89.4(3) 89.5(1) 89.3(1) 89.7(1) 
C-Pd1-Br2 90.1(2) 87.9(3) 87.6(1) 89.8(1) 86.5(1) 
C1-Pd1-Ccarbene 176.6(2) 179.5(4) 178.4(2) 176.8(2) 174.8(2) 
Br1-Pd1-Br1 178.94(3) 177.17(5) 176.63(3) 177.78(2) 176.19(2) 
 
 
Fig. 5.10. Molecular structures of complexes 229·1.5 CH2Cl2 and 232 (hydrogen atoms, solvent 
molecules, and molecular disorder have been omitted for clarity, thermal ellipsoids are drawn at 
50% probability). 
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5.2.2. Applications in Catalysis 
Given the good activities palladium(II) NHC complexes demonstrated for the hydroamination of 
carbon-carbon triple bonds,136,137b,142 it is of interest to assess the activities of complexes 221-232 
in this important reaction (Scheme 5.7).143 
 
 
Scheme 5.7. Hydroamination of phenylacetylene catalyzed by complexes 221-232. 
 
Table 5.7. Catalytic performance of 221-232 in the hydroamination of phenylacetylene.a 
  Yield (%)b 
Entry Catalyst no additive + 2% HOTf 
1 - 0 0 
2 221 20 88 
3 222 34 78 
4 223 51 56 
5 224 53 53 
6 225 29 38 
7 226 48 58 
8 227 - 37 
9 228 - 46 
10 229 - 60 
11 230 - 51 
12 231 - 55 
13 232 - 51 
a Reaction conditions: 1 mol-% precatalyst, phenylacetylene (2.0 equiv.), 2,6-dimethylaniline 
(1.0 mmol), toluene (3 ml), 100°C, 15 h. b Yields determined by GC-MS with decane as 
internal standard; average of two runs. 
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Without a precatalyst, no product formation was detected (Table 5.7, entry 1). In line with 
previous observations, in the absence of catalytic amounts of triflic acid to facilitate the protolytic 
release of the product, only low to moderate yields of imine 150 were formed with the κ2-C,S 
complexes 221-226.143b,144 Complex 224 gave the highest yield of 53% (entry 5), but no clear 
structure-activity relationship was discernible.  
Upon addition of triflic acid to the reaction mixture, a clear increase in yield due to improved 
protolytic release of the product was noticable. Moderate to good yields were obtained with the 
chelating complexes 221-226 as precatalysts, and the hetero-bis(NHC) complexes 227-232 gave 
moderate yields. By far the best-performing precatalysts are the κ2-C,S complexes 221 and 222, 
with 88 % and 78%, respectively (entries 2 and 3) ), although they perform less well than indy 
complexes 139 and 146.136 Complexes 221 and 222 feature a six-membered metallacycle, which 
is more stable than the seven-membered analogue, thus enhancing catalyst lifetime, leading to a 
higher turnover of the catalytically active species. No clear influence of the second wingtip 
substituent was observed. 
By contrast to the chelating complexes, the hetero-bis(NHC) complexes 227-232 were in the 
majority of all cases less efficient precatalysts than their mono-NHC counterparts. A plausible 
explanation for this behavior is the slower formation of the catalytically active species, since an 
additional coordination site is blocked by the tightly bound iPr2-bimy ligand. 
As a mechanistically different reaction, the direct arylation of 1-methylpyrrole (162) with 4-
bromoacetophenone (151) was chosen as a benchmark reaction (Scheme 5.8). Direct arylations of 
electron-poor heteroaromatics can be catalyzed by palladium(II) NHC catalysts,161 and previous 
experiments have shown that hemilabile donor functionalities in the NHC side chain are 
beneficial for this transformation.153  
 
 
Scheme 5.8. Direct arylation of 1-methylpyrrole catalyzed by complexes 221-232. 
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All tested complexes were able to act as precatalysts for this reaction, with generally moderate to 
good yields of the cross-coupled product 163 (Table 5.8). The performance of complexes 221-
232 showed only minor variations, with the lowest yield of 67% found for precatalyst 224 and the 
highest yield at 86% in the case of complex 232. The reason for this is presumably partial 
decomposition to catalytically active colloidal palladium species, which show comparable 
activities irrespective of the ligand in the precatalyst. The activities of complexes 221-232 were 
also similar to those reported for other catalytic systems.153,161 
 
Table 5.8. Catalytic performance of 221-232 in the direct arylation of 1-methylpyrrole.a 
Entry Catalyst Yield (%)b 
1 - 0 
2 221 69 
3 222 75 
4 223 80 
5 224 67 
6 225 74 
7 226 77 
8 227 74 
9 228 77 
10 229 83 
11 230 71 
12 231 66 
13 232 86 
a Reaction conditions: 1 mol-% precatalyst, 1-methylpyrrole (4.0 equiv.), 4-
bromoacetophenone (1.0 mmol), KOAc (2.0 equiv.), DMA (3 ml), 150°C, 20 h. b Yields 
determined by GC-MS with decane as internal standard; average of two runs. 
 
No significant difference was found between the chelate complexes with different lengths of the 
linker in the thioether side chain, but a weak dependance of catalytic performance on the steric 
bulk of the non-coordinating side chain was discernible. The highest yields were found with 
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complexes 223 and 226 with the bulky benzhydryl side chain. The increased steric bulk in these 
complexes is favorable for the reductive elimination step.189 
For the hetero-bis(NHC) complexes 227-232, a similar reactivity pattern was found. Variations 
between complexes with different tether lengths in the thioether side chain were minor and 
unsystematic, while the steric bulk of the other side chain was found to show a better correlation 
with catalytic activities. When compared to the chelating complexes, the hetero-bis(NHC) 
complexes performed better than their counterparts. This is different from the behavior observed 
for the hydroamination (vide supra). While for the latter reaction, the additional tightly bound 
ligand slowed catalyst initiation, the additional stability imparted by the iPr2-bimy ligand is 
beneficial for the survival of palladium species under the harsh conditions required for the direct 
arylation to proceed.  
5.3. Nickel(II) Complexes Bearing Thioether-functionalized Benzimidazolin-2-
ylidene Ligands 
5.3.1. Complex Synthesis, Characterization, and Study of Rotamer Isomerism 
Silver carbene transfer reactions are usually not the route of choice for the prepration of nickel(II) 
complexes, due to the often incomplete transmetallation. Instead, nickel(II) NHC complexes have 
been prepared by the reaction of free carbenes with suitable metal precursors or by the 
deprotonation of azolium salts in situ by basic nickel precursors, with transmetallation reactions 
being used only in rare cases. 190  However, benzimidazolin-2-ylidenes are very prone to 
dimerization in their free from, rendering most of these approaches useless for the preparation of 
their nickel complexes. A very convenient pathway to homo-bis(NHC) complexes of nickel(II) is 
the reaction of basic nickel(II) acetate with two equivalents of a suitable benzimidazolium salt in 
a large excess of molten tetrabutylammonium bromide under vacuum.191 Acetate is only a weak 
base, and in the acid-base reaction with benzimidazolium salts, the equilibrium lies with the 
starting materials. However, under the reaction conditions, acetic acid is volatile and easily 
removed from the mixture, thus shifting the equilibrium towards the formation of free carbenes 
and subsequently the homo-bis(NHC) complexes trans-[NiBr2(NHC)2]. For this reason, a high 
vacuum was found to be crucial for the reaction to proceed in good yields. The thioether-
functionalized benzimidazolium salts 205-210 were reacted under these conditions, and moderate 
to good yields of homo-bis(NHC) complexs were obtained when salts bearing a benzyl or a 
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isobutyl side chain were used (Scheme 5.9).192 However, the reaction with benzhydryl-substituted 
benzimidazolium salts failed, and only intractable mixtures containing large amounts of 
paramagnetic impurities were obtained. The steric bulk of the azolium precursors is known to 
play a crucial role in this reaction, so it is unsurprising that the bulkiest benzimidazolium salts 
failed to react cleanly. 
 
 
Scheme 5.9. Synthesis of homo-bis(NHC) complexes of nickel(II). 
 
Complexes 233, 234, 236 and 237 are readily soluble in common organic solvents, with the 
exception of very polar protic solvents such as alcohols, and in water. This allowed the easy 
removal of excess TBAB by triturating the solidified reaction mixture with water, and the 
isolation of the complexes by subsequent filtration of the resulting suspensions. Further 
purification, when required, can be done by column chromatography, altough the purity after 
aqueous workup was usually satisfactory. 
In the 1H NMR spectra of the purified complexes, the resonances for the acidic protons on C-2 in 
the benzimidazolium salts were absent. Deprotonation and NHC formation has taken place, and 
the desired homo-bis(NHC) complexes have been formed successfully. All four spectra showed 
two sets of signals, corresponding to inseparable mixtures of the trans-syn and trans-anti 
rotamers in a dynamic equilibrium. (Fig. 5.11). 
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No strong preference for one rotameric form over the other exists in complexes 233, 234, 236 and 
237. For complex 234, in which the NHCs bear isobutyl and ethylene-tethered thioether side 
chains that are close in steric bulk, both rotamers were observed in roughly equal amounts. In the 
presence of the bulkier benzyl side chains in 233 and 236, or in complex 237 with the longer 
(isopropylthio)propyl side chain, a slight preference for one rotamer with a ratio of 3:2 was 
observed instead. For complexes 234 and 237, which contain only aliphatic wingtip substituents, 
it is difficult to assign the signal sets to the respective trans-syn and trans-anti rotamers. 
 
 
Fig. 5.11. Dynamic equilibrium between rotamers in 233, and shielding effect of the benzyl 
groups. 
 
In complexes 233 and 236, the benzyl side chain introduced a magnetic anisotropy in the 
molecules, which can act as a built-in spectroscopic probe and allow to distinguish the rotamers. 
The 1H NMR resonances of the side chains in the trans-syn and trans-anti rotamers of these 
complexes are well separated. In the major rotamer of complexes 233 and 236, the methylene 
group of the benzyl side chain resonates more downfield, and the SCH and SCH2 groups in the 
other wingtip substituent are found more upfield than the corresponding signals in the minor 
rotamer. In the trans-anti rotamer, a shielding effect of the phenyl rings in the benzyl side chain 
should act on the thioether side chain, while in the trans-syn rotamer, the benzyl side chains are 
exposed to the shielding effects themselves. As a result, resonances of the thioether side chain 
should be shifted upfield in the trans-anti rotamer, while the methylene group of the benzyl side 
chain should resonate more upfield in the trans-syn isomer (cf. Fig. 5.11). Similar shielding 
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effects have been observed in other trans-[MBr2(NHC)2] complexes (M = Pd, Ni), in which 
aromatic rings are present in the NHC wingtip substituents.116 
Therefore, it is apparent that the major rotameric form of 233 and 236 is the trans-anti rotamer. 
However, due to the lack of sufficiently clear spectroscopic differentiation between the rotamers 
of 237, a similar assignment of the major isomer cannot be made. Since the preference for the 
trans-anti isomer in 233 and 236 stems from the difference in steric bulk of the side chains, it is 
likely to assume that the (isoproyplthio)propyl side chains in 237 should prefer to be arranged in 
an anti-fashion as well. 
The 13C NMR spectra of complexes 233, 234, 236 and 237 showed two sets of signals as well. 
All peaks could be assigned, and the Ccarbene resonances occur in the narrow range from 
183.9 ppm to 185.5 ppm. These values are typical for trans-[NiBr2(bimy)2] complexes.124,191,193 
To paint a fuller picture of the rotamer isomerism, the energetics of the rotamers were studied by 
computational chemistry. Since the flexibility of the long thioether side chains give rise to a 
dazzling number of energetically very similar conformers, it was shortened to ethyl side chains in 
the computational model. This has the added advantage of reducing the computational costs 
associated with geometry optimisations. For both the trans-anti and the trans-syn rotamers, 
molecular geometries were optimized at the B3LYP/cc-pVDZ level of theory, and free energies 
were calculated at the same level at 298 K(Fig. 5.12).79,80,91b,c,194 
 
 
Fig. 5.12. Optimized geometries of simplified trans-anti and trans-syn rotamers. 
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The molecular structure of 233 is available (vide infra), and a comparison to the optimized 
geometry of the trans-anti rotamer showed good agreement. When comparing their relative 
energies of both rotamers, the Gibbs free energy of the trans-anti rotamer was found to be lower 
by 1.85 kJ/mol. This confirms the assignment based on the shielding effect of the phenyl ring. 
The experimental ratio of rotamers translates to an equilibrium constant of 1.5, while the 
calculated energy difference predicts an equilibrium constant of 2.1. These values are relatively 
close to each other, given the simplifications made in the model system such as the removal of 
the thioether moiety, and the negelect of solvent influences.  
By slow evaporation of a concentrated solution of 233 in dichloromethane/toluene, single crystals 
of sufficient quality for X-ray diffraction experiments were grown. Despite all efforts, no crystals 
of the other three complexes could be obtained due to their unusually high solubility in many 
solvents as well as their tendency to form waxy, amorphous solids. However, the similarities in 
their spectra indicate that 233 is isostructural to the other three complexes. 
 
 
Fig. 5.13. Molecular structure of complex 233 (hydrogen atoms and molecular disorder have 
been omitted for clarity, thermal ellipsoids are drawn at 50% probability). Selected bond lengths 
[Å] and angles [°]: Ni1-C1 1.911(5), Ni1-Br1 2.3124(8), Br1-Ni1-C1 90.1(2)/89.9(2), Br1-Ni1-
Br1' 180.0(2), C1-Ni1-C1' 180.0(2). 
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In line with spectrocsopic data and in good agreement with the calculated geometries, the 
nickel(II) center showed a square-planar coordination geometry with a trans-arrangement of the 
bimy ligands (Fig. 5.13). And as expected, the benzimidazolin-2-ylidene ligands are oriented in 
an anti manner, confirming the structural assignments. The NHC ring planes are twisted out of 
the coordination plane by 75.5(5)°. The Ni-C bond lengths of the symmetrical complex 233 are 
1.911(5) Å, and the Pd-Br bond lengths are 2.3124(8) Å, respectively. These values are in good 
agreement with previously published data for related compounds.124,191 
5.3.2. Application in the Suzuki-Miyaura Coupling 
One of the most widely used carbon-carbon cross-coupling reactions is the Suzuki-Miyaura 
cross-coupling. The reaction is very reliable, a wide range of functional groups are tolerated, and 
reaction conditions are mild. 195  An additional advantage are the properties of the required 
organoboron reagents. These are more stable than the organometallic species used in other types 
of cross-couplings, can be handled in the presence of air and moisture, show no toxicity and are 
readily available. 
Typically, palladium catalysts are used for Suzuki-Miyaura cross-couplings. However, the lower 
price of nickel has triggered an increasing research interest in using nickel-based catalysts as 
well.196 Besides the obvious economic advantages, the smaller size of the nickel center, and the 
accessibility of the Ni(I) and Ni(III) oxidation states, which have no analogues in the chemistry 
of palladium, allow for alternative mechanisms and different reactivities when compared to the 
heavier homologues. This encompasses the possibility to cross-couple substrates, which don't 
undergo the Suzuki-Miyaura reaction easily with palladium-based catalysts.196k,197 
To study the activity of complexes 233, 234, 236 and 237 in this reaction, the Suzuki-Miyaura 
cross-coupling between 4-bromoacetophenone (151) and phenylboronic acid (239) was chosen as 
a benchmark reaction (Scheme 5.10). 
 
 
Scheme 5.10. Nickel-catalyzed Suzuki-Miyaura coupling. 
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Using complex 233 as precatalyst, an initial screening of reaction conditions was performed. It 
has been noted that the presence of catalytic amounts of free phosphine is often required for 
nickel-catalysed Suzuki-Miyaura couplings to proceed in good yields.196a,198  This effect was 
observed in the case of complex 233 as well, with a poor yield of 32% in the absence of a 
phosphine additive, and quantitative yields under identical conditions in the presence of 2% 
triphenylphospine (Table 5.9, entries 3 and 8). Under all reaction conditions examined, only trace 
amounts of biphenyl arising from the oxidative homocoupling of phenylboronic acid (239) were 
observed. 
 
Table 5.9. Optimization of reaction conditions for the Suzuki-Miyaura cross-coupling.a 
Entry Base Temperature (°C) Yield (%)b 
1 K2CO3 90 22 
2 Cs2CO3 90 64 
3 KOH 90 99 
4 NaOAc 90 0 
5 NaOAc·3H2O 90 4 
6 KOAc 90 0 
7 K3PO4·H2O 90 >99 
8c KOH 90 32 
9 KOH 80 >99 
10 KOH 70 >99 
11 KOH 60 >99 
12 KOH 50 54 
13 KOH 40 6 
14 KOH 30 0 
15 KOH (2.0 equiv) 70 >99 
16 KOH (1.5 equiv) 70 89 
17 KOH (1.3 equiv) 70 72 
18d KOH (2.0 equiv) 70 0 
a
 Reaction conditions: 233 (1 mol%), 4-bromoacetophenone (1.0 mmol), phenylboronic acid 
(1.3 equiv), PPh3 (2 mol%), base (2.6 equiv), anhyd. toluene (3 mL), 1 h. b Yields 
determined by GC-MS with decane as internal standard, average of two runs. c reaction run 
without addition of PPh3. d reaction run without exclusion of air and moisture. 
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The first parameter to be examined in the reaction optimization was the nature of the base. 
Several strong inorganic bases were tested (entries 1-7). Sodium and potassium acetates were 
poor bases, and only trace amounts of 240 were formed with sodium acetate trihydrate. 
Potassium carbonate gave poor yields, while the more soluble cesium carbonate gave a higher 
yield. The best-performing bases were potassium hydroxide and potassium phosphate hydrate. In 
the presence of these bases, the quantitative formation of 240 was observed. Both phosphate and 
hydroxide anions play an active role in the catalytic cycle by activating the boronic acid as an ate-
complex for transmetallation, or by acting as a basic ligand to the catalytically active metal 
center, which explains this observation.199 
Since both bases performed equally well, potassium hydroxide was chosen for the next 
optimization step. Reaction temperatures are an important factor, since they have a bearing on the 
survival of sensitive substrates and reagents under reaction conditions, an on the energy 
consumed by large-scale processes. Using complex 233 as precatalyst, it was possible to lower 
the temperature from 90 °C to 60 °C without compromising the quantitative yields obtained for 
this reaction, but at lower temperatures a drop in the formation of 240 was observed, and no 
product was formed at all at 30 °C (entries 9-14). Since 4-bromoacetophenone is an activated 
substrate for the Suzuki-Miyaura cross-coupling, further optimizations were carried out at 70 °C 
to allow for the expected lower reactivities of less activated aryl halides. 
A large excess of base is usually used in this reaction, and as much as 2.6 equivalents with 
respect to 151 were used in the screening. This produced additional waste, rendering the reaction 
less economically viable, and a reduction in base would be desirable. Indeed, it was possible to 
lower the base loading to 2.0 equivalents without compromising the yield, and only a minor drop 
was observed upon lowering it even further to 1.5 equivalents (entries 15 and 16). However, at 
1.3 equivalents, only 72% of 240 were formed (entry 17). 
Running reactions under an inert atmosphere is a hassle, especially in in large-scale processes, so 
the possibility of running the reaction under air and in solvents which were not dried prior to use 
was examined (entry 18). Under these conditions, not even traces of product were observed. This 
can be rationalized by taking into account the sensitivity of the nickel(0) species formed by the 
reduction with phenylboronic acid in the initiation step.196f With this species being destroyed 
under atmospheric conditions, no coupling reaction takes place.  
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Using the improved conditions, i.e. 70 °C as reaction temperature and 2.0 equivalents of 
potassium hydroxide as base, the performance of all four nickel(II) complexes was explored. To 
allow for a better differentiation of their catalytic activities, a less reactive substrate was chosen. 
Instead of the electron-poor 4-bromoacetophenone (151), the more electron-rich 4-bromotoluene 
(241) was used as cross-coupling partner (Scheme 5.11 and Table 5.10). 
 
 
Scheme 5.11. Precatalyst screening for the cross-coupling of 4-bromotoluene and phenylboronic 
acid. 
 
Table 5.10. Screening of precatalysts and further optimization of the Suzuki-Miyaura reaction.a 
Entry Catalyst Yield (%)b 
1 - 0 
2 233 23 
3 234 19 
4 236 16 
5 237 22 
6c,d 233 27 
7d,e 233 33 
8 d,f 233 35 
9 d,g 233 43 
a
 Reaction conditions: precatalyst (1 mol%), 4-bromotoluene (1.0 mmol), phenylboronic acid 
(1.3 equiv), PPh3 (2 mol%), KOH (2.0 equiv), anhyd. toluene (3 mL), 70 °C, 1 h. b Yields 
determined by GC-MS with decane as internal standard, average of two runs. c 2 h. d Single 
run. 
e
 3 h. f 6 h. g 2 h, K3PO4·H2O used instead of KOH. 
 
In the absence of a nickel(II) complex as precatalyst, no product was detected in the reaction 
mixture. When 1 mol% of nickel complex was present, the cross-coupling product 242 was 
observed, but yields were generally poor and ranged from 16% with complex 236 as prectalyst, to 
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23% when complex 233 was used (Table 5.10, entries 2-5). However, the dearth of data points, 
and the small range in which the yields fluctuated between the four complexes, made it 
impossible to discern structure-activity relationships. Neither the length of the thioether side 
chain, nor the steric bulk imparted by the non-functionalized wingtip substituent had an obvious 
impact on reactivities. Complex 233, which was also used in the initial optimization, was the 
best-performing precatalyst, and therefore used for all further reactions. 
Since the low yields obtained with 4-bromotoluene as substrate were unsatisfactory, reaction 
times were increased successively, but only minor increases in yield were observed (entries 6-8). 
However, when the base was changed to potassium phosphate hydrate instead of potassium 





1% [Ni], 2% PPh3,
K3PO4·H2O




X = Cl, Br
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Scheme 5.12. Substrate scope of the Suzuki-Miyaura reaction catalyzed by complex 233. 
 
Using these improved conditions, the substrate scope of the cross-coupling was explored 
systematically (Scheme 5.12 and Table 5.11). 
Electron-poor aryl bromides such as 4-bromoacetophenone, bromobenzaldehydes and 4-
bromobenzonitrile gave good to quantitative yields of the corresponding biaryls (entries 1-4 and 
6). However, 3,5-difluorobromobenzene gave only a moderate yield, and 4-nitrobromobenzene 
failed to react entirely (entries 7 and 8).  
Similarly, 4-chloroacetophenone, 4-chlorobenzaldehyde, and 4-chlorobenzonitrile could be cross-
coupled in good to quantitative yields, although longer reaction times of 24 h instead of 2 h as in 
the case or aryl bromides were required to achieve good yields. The turnover frequency of the 
catalyst is lower when aryl chlorides are used as substrate, but quantitative conversions can still 
be achieved. This demonstrateds that in the absence of moisture and oxygen, the catalytically 
active species is stable for extended periods of time under reaction conditions. 
More electron-rich aryl bromides, such as bromotoluenes and bromobenzene, could be cross-
coupled in acceptable yields, but it was necessary to extend the reaction times to 24 h to achieve 
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these yields as well. When chlorobenzene was used as a substrate, a low yield of 36% was 
obtained under these conditions. 
Electronic factors are more important in determining the yield than steric repulsion. 
Bromobenzaldehydes were coupled in good yields even with the aldehyde moiety in ortho-
position, although the yields for the ortho- and meta-substrates were lower than for the para-
substrate (entries 2-4). The corresponding bromotoluenes, with the same substitution patterns, 
gave lower yields despite extended reaction times, and no correlation between steric hindrance 
and the obtained yields was apparent (entries 9-11). 
 
Table 5.11. Nickel-catalyzed Suzuki-Miyaura cross-coupling of aryl halides.a 
Entry Substrate Yield (%)b 
  Aryl bromide Aryl chloride 
1 4-COCH3 100 100c 
2 4-CHO 100 75c 
3 3-CHO 75 - 
4 2-CHO 72 - 
5 4-H 76c 36c 
6 4-CN 100 100c 
7 4-NO2 0 0 
8 3,5-difluoro 44c - 
9 4-CH3 60c - 
10 3-CH3 77c - 
11 2-CH3 72c - 
12 2-halopyridine 0 Traces 
13 2-halothiophene 0 - 
14d 1,3-dihalobenzene 38e - 
15d 4-Cl-bromobenzene 56f - 
a
 Reaction conditions: precatalyst (1 mol%), aryl halide (1.0 mmol), phenylboronic acid 
(1.3 equiv), PPh3 (2 mol%), K3PO4·H2O (2.0 equiv), anhyd. toluene (3 mL), 70 °C, 2 h. b 
Yields determined by GC-MS with decane as internal standard, average of two runs. c 24 h. d 
phenylboronic acid (2.6 equiv), K3PO4·H2O (4.0 equiv), anhyd. Toluene (6 ml) used instead. e 
1,3-terphenyl, trace amounts of biaryl. f biaryl, trace amounts of 1,4-terphenyl. 
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Nitrogen- and sulfur-containing heteroarenes were no good substrates for the reaction. Neither 2-
bromopyridine nor 2-bromothiophene underwent cross-coupling, and only minor traces of the 
product were observed with 2-chloropyridine (entries 12 and 13). 
The reactivity of difunctional aryl halides was explored as well. For 1,3-dibromobenzene, cross-
coupling occurred twice, and m-terphenyl was found as the major product, with 3-bromobiphenyl 
only observed in trace amounts (entry 14). In the case of 4-chlorobromobenzene, the situation 
was different. 4-Chlorobiphenyl was found as the major product, and only traces of p-terphenyl 
were present in the reaction mixture (entry 15). This demonstrates that it is possible to 
discriminate between different reactive sides in aryl halides, and that the reaction of aryl 
bromides is substantially faster than the cross-coupling of aryl chlorides. 
In the wider context of Suzuki-Miyaura cross-couplings catalyzed by nickel(II) NHC complexes, 
233 and its three congeners are not the most efficient catalysts for this reaction.196k, 200 
Nevertheless, they represent the first examples of catalytically active nickel(II) complexes 
bearing sulfur-functionalized NHCs, thereby demonstrating the viability of these structures for 
further study. 
5.4. Pincer-Pseudopincer Isomerism in Palladium(II) complexes with κ3-C,S,C 
Ligands 
While bidentate, chelating ligands impart an increased degree of stability to complexes, this 
effect is even more pronounced in the case of tridentate ligands. Especially pincer and pincer-
type ligands have attracted considerable research interest due to the remarkable thermal stabilities 
and the robustness of their complexes, as well as the rigid κ3-mer or κ3-(pseudo)-mer 
coordination geometries these ligands impose. Complexes of such ligands have been used in 
catalysis as well as other fields with tremendous success.201 Therefore, it is not surprising that a 
number of NHC pincer ligands have been reported as well.55a-c,f,i,j,177c,202 
For pincer ligands composed of two NHC moieties, linked by a thioether which functions as the 
central donor site, it has been observed that when coordinating counteranions such as halides are 
present, their complexes with palladium(II) can exist either as the expected, cationic κ3-mer-
C,S,C pincer form, but also as a neutral, κ2-C,S pseudopincer.55f,142c This observation is 
interesting, since the fine-tuning of ligand properties by modification of steric and electronic 
properties as well as chemical behavior is an important field of study, in order to tailor complexes 
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to their unique tasks.203 In catalytic applications using pincer complexes, reactions typically take 
place at the coordination sites not blocked by the pincer ligand, but instances of partial 
decoordination are also know. Such decoordinations are similar to the behavior of hemilabile 
donor sites in κ2-chelating ligands, by rapidly opening up coordination sites for incoming 
substrates, while the donor moiety remains in the vincinity of the metal center which allows for 
rapid recoordination and stabilization of a resting state.57 Decoordinations can occur either in the 
peripheral positions of the pincer ligands,204 but hemilabile behavior of the central donor site has 
also been observed.205 To adjust this hemilability, a deeper understanding of the factors that 
govern it in C,S,C pincer complexes can be useful.206 
The ligand donor strengths of the carbene moieties were suggested to have a strong influence on 
the pincer-pseudopincer isomerism. To study the electronic factors, C,S,C-pincer ligands with 
NHC moieties with vastly different ligand donor strengths were studied, and their preference for 
either the pincer or pseudopincer form was probed.207  To avoid the confounding effects of 
changes in steric bulk, methyl groups were chosen as wingtip substituents for the NHC moieties. 
Besides being sterically small, they only contain four atoms and not many degrees of freedom, 
which helps limit computational costs. Electronic differences were introduced by modifications 




Fig. 5.14. Truncated ligands with NHCs having different backbones. 
 
Since no experimental donor strength values are available for the five C,S,C ligands under 
examination, the energy eigenvalues of the Kohn-Sham orbitals containing the σ-lone pair, i.e. 
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ε(σ-HOMO), were used as a readily available and accurate estimate.77 To limit computational 
cost, truncated ligands were used, in which the NHC moiety bears an ethylthiol side chain instead 
of a thioether linker to another, identical NHC moiety. This simplification reduces the 
computational effort significantly by almost halving the number of atoms, and considerably 
reducing the degrees of conformational freedom present in the ligands. However, since it can be 
assumed that inductive effects due to changes in the side chain do not impact the electron density 
of the carbene lone pair,59a and the orbitals of both NHC moieties are independent from each 
other, the loss in accuracy from this simplification is minor. Orbital energies for NHCs 243-247 
were calculated at the B3LYP/aug-cc-pVTZ level after geometry optimization at the B3LYP/-cc-
pVDZ level.79,80,91a, 208  Four all five NHCs, the highest occypied orbital with σ-symmetry 
corresponds to the carbene lone pair (Fig. 5.15). 
 
 
Fig. 5.15. σ-HOMOs of the most and least electron-rich NHCs. 
 
The calculated orbital energies range from -6.56 eV in 243 to -5.52 eV in 247, and confirm the 
increase in electron density at the carbene center in the order 243 < 244 < 245 < 246 < 246 
(Table 5.12). 
To gauge the preference of each ligand for the pincer or pseudopincer form, the homodesmotic 
reaction between a pincer and a pseudopincer was studied (Scheme 5.13). 
 




Scheme 5.13. Homodesmotic reaction between pincer and pseudopincer complexes. 
 
This approach is preferable, since the relative Gibbs free energies ∆G of cationic pseudopincer 
complexes Τ, including the bromide counteranion, and their corresponding neutral pseudopincer 
complexes U are hard to obtain. Especially for the charged species, it is hard to acount correctly 
for ion pairing and solvatation. In the homodesmotic reaction, the number of ionic species 
remains constant throughout the reaction, and the Gibbs free energy of the bromide anion as well 
as solvatation effects can be neglected, as they are virtually identical for both the starting 
materials and the products. 
As a reference system, the pincer complex incorporating the least electron-rich NHC moieties, 
3,4-dichloroimidazolin-2-ylidene, was used. For this ligand, the preference for the pseudopincer 
form is known, and a relative scale of pincer preference energy ∆GR with respect to this reference 
system can be obtained. Negative ∆GR values signify a higher preference for the pincer form than 
the reference system, while positive ∆GR values are indicative for a lower preference. 
 
 
Fig. 5.16. Optimized geometries of pincer complex 248 and corresponding pseudopincer 249. 
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For all complexes, the geometries of the pincer and pseudopincer forms were optimized at the 
B3LYP/cc-pVDZ level of theory, and their Gibbs free energies were calculated at the same level 
of theory.79,80,91a,92b,209 The optimized geometries were in good agreement with the available 
molecular structures. 55f,142c The coordination geometry at the metal center was distorted square-
planar, and clear differences between the pincer and the pseudopincer geometries can be found 
(Fig. 5.16). In the pseudopincer, the NHC planes showed a twist of 26-43° with respect to each 
other, while they were almost coplanar in the pincer complexes. The metallacycles in the latter 
adopt distorted boat conformations. 
The Gibbs free energies associated with these optimized geometries allow to calculate the change 
in Gibbs free energy of the homodesmotic reaction (cf. Scheme. 5.13) and obtain ∆GR as a 
measure for pincer preference (Table 5.12). 
 
Table 5.12. Pincer preference energy ∆GR and ε(σ-HOMO) of the NHC moieties. 
NHC moiety ε(σ-HOMO) [eV] ∆GR [kJ/mol] 
Cl2-imidazole -6.56 0.0 
1,2,4-triazole -6.52 -5.4 
Imidazole -6.12 -26.5 
Imidazoline -5.94 -32.8 
Pyrazole -5.52 -57.0 
 





















Fig. 5.17. Correlation of ε(σ-HOMO) and ∆GR. 
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Indeed, the preference for the pincer form increased in the same order as the orbital energies of 
the σ-lone pair of the carbene moieties, and a strong correlation between the two parameters was 
found (Fig. 5.17, R2 = 0.9931). 
More strongly donating carbene moieties in the C,S,C-ligand favor the pincer isomer. The higher 
amount of electron density provided by more electron-rich donor sites allows to stabilize the 
cationic coordination unit of the pincer complex, and this stabilization obviously scales linearly 
with increases in ligand donor strengths. Since the pincer form is also entropically favored, and 
solvatation can be expected to provide additional stabilization especially in polar solvents, the 
ionic pincer form becomes more stable than the pseudopincers with electron-rich C,S,C-ligands. 
By contrast, if the carbene donors provide comparatively little electron density to the metal 
center, the pseudopincer form becomes more stable. The additional bromido ligand in the 
pseudopincer is a better donor ligand than the thioether moiety in the pincer, and thus better 
matched to the less electron-rich metal center. 
A more formalistic way to describe the isomerism is to consider a [PdBr(NHC)2]+ fragment, wich 
can choose to interact in a Lewis acid/Lewis base reaction with either a bromide or a thioether. 
Upon coordination of the Lewis base, an internal charge redistribution occurs, which is more 
pronounced when the more strongly donating bromido ligand binds to the metal center.210 Since 
the charge redistribution is more favorable with less electron-rich NHC moieties, the 






In this thesis, DFT studies concerning the electronic structure of N-heterocyclic carbenes (NHCs) 
and their bonding to early and late transition metal fragments, the preparation, characterization 
and application in catalysis of palladium(II) complexes of NHCs with reduced heteroatom 
stabilization, and the coordination chemistry of sulfur-functionalized NHCs with group 10 metals 
as well as the catalytic properties of the resulting complexes have been presented. 
In chapter 2, fourteen isomerically or isolobally related, five-membered N-heterocyclic carbenes 
with two, three or four nitrogen atoms in the heterocycle have been studied computationally. 
Relative stabilities within each series were established to depend on intramolecular steric 
repulsion of the substituents on the heteroatoms, and the singlet carbenes as well as the 
monocations were found to be aromatic species. Aromaticity was reduced in the diactions and the 
triplet states due to the disruption of the pi system, and pyramidalization of the substituted 
nitrogen atoms was observed in the latter. 
The electronic structures of NHCs 55-58 are characterized by the energy eigenvalues of the 
highest occupied Kohn-Sham orbitals with σ and pi symmetry, and these values are cross-
correlated to the first and second proton affinities of the free carbenes. Factors determining the σ-
donor strengths of the free carbene were determined to be the number of heteroatoms in the cycle, 
their positions relative to Ccarbene, and a destabilizing effect of σ-lone pairs on heteroatoms 
adjacent to the carbene carbon. By contrast, the pi-basicity seems to be largely determined by the 
number of heteroatoms in the parent azole, with other structural influences playing a very minor 
role. 
The singlet-triplet energy gaps were calculated, and they showed a weak correlation to the 
HOMO-LUMO energy gaps. All NHCs 55-58 are more stable in the singlet form, but only for a 
few NHCs, the singlet-triplet gaps are large enough to rule out dimerization to electron-rich 
olefins purely on electronic grounds. No correlation between the number or position of 
heteroatoms in the ring and the singlet-triplet gaps was observed. Instead, orbital shapes seem to 
play an important role, since isolobally related NHCs had similar singlet-triplet gaps. It is 
especially noteworthy that the smallest gaps were found for NHCs which retain a high degree of 




The local electronic structure at Ccarbene was characterized by its ppi population and the natural 
charge. It was found that normal carbenes tend to have lower ppi populations than mesoionic 
carbenes, although the transition between the two is smooth and there is an area of overlap. 
Natural charges of Ccarbene are very loosely correlated to the ppi population, although the main 
determining factor is the number of nitrogen atoms in α-position. It is noteworthy that the most 
electron-rich NHC 55d, which is a pyrazolin-4-ylidene, has a local electronic structure at Ccarbene 
that closely resembles an aromatic carbanion. 
The bond between NHCs 55-58 and the transition metal fragments AuCl and TiCl4 were exmined 
by means of energy decomposition analysis. The bonding between NHCs and both the early 
transition metal with d0 configuration and the late transition metal with a d10 configuration was 
predominantely electrostatic, with orbital interactions contributing less than a third to the 
attractive interaction. The orbital interaction energy term ∆Eorb is mostly due to σ-interactions. 
However, pi-interactions are not negligible. In the gold complexes, pi-backdonation is the main 
orbital interaction with pi symmetry, while in the bond between the NHCs and titanium, pi-
donation plays a minor role as well. 
A more detailed analysis of ∆Eorb by the extended transition state - natural orbitals for chemical 
valence (ETS-NOCV) approach allowed the exact quantification of σ-donation, pi-backdonation, 
σ-backdonation and in-plane pi-backdonation, as well as internal orbital reorganization processes. 
The first proton affinity was found to be an excellent descriptor for σ-donation, while the pi-
backdonation processes could be correlated to the ppi population at Ccarbene, which provides an 
measure of pi-acidity. The donation of pi-electron density to the metal centers was found to be 
negligible in all cases. 
 
 





An interesting observation was the unexpectedly high pi-backdonation from the TiCl4 fragment to 
the NHCs, which can be explained by the involvement of the non-bonding electron pairs at the 
axial chlorido ligands (Fig. 6.1). This pseudo-backdonation is presumably present in many NHC 
complexes which feature coligands with free electron pairs and merits further investigation. 
Besides the study of this process, future work should focus on the study of additional NHCs, e.g. 
benzannelated systems, systems containing other heteroatoms than nitrogen, and more exotic 
carbenes such as CAACs and anti-bredt NHCs. 
The first part of chapter 3 focuses on the determination of subtle variations in ligand donor 
strengths in pyrazoles 63, 64, 68-73, 75, and 76 by means of a previously developed electronic 
parameter based on the 13C NMR chemical shift of the carbene carbon in trans-[PdBr2(iPr2-
bimy)L] complexes. For each of the ten pyrazoles, a corresponding probe complex was prepared 
in excellent yields and fully characterized, including the determination of molecular structures for 
the trans-[PdBr2(iPr2-bimy)(pyrazole)] complexes 82, 84, 89, and 90. Despite falling within a 
narrow range of 2.3 ppm, all shifts could be clearly distinguished. Alkylation experiments with 
the weak electrophile ethyl bromide, the stronger electrophile ethyl iodide, and the very strong 
alklating agent trimethyloxonium tetrafluoroborate were carried out, and the pyrazoles were 
sorted into three groups of different nucleophilicity according to their reactivity with these 
reagents. A good correlation between the experimentally determined donor strength values and 
the nucleophilicity of the nitrogen donor atom in the pyrazoles was observed. This indicates that 
the 13C NMR parameter is useful not only for donor strength determinations, but also for the 
prediction of the reactivity of nucleophiles. Given the simplicity of the method, it is a viable 
alternative to the determination of nucleophilicities by kinetic experiments in cases where only an 
estimate is required. Further investigations in this field should focus on nucleophiles other than 
pyrazoles, as well as incluce more electrophiles to paint a nuanced picture. 
In the second part of this chapter, the synthesis of pyrazolin-5-ylidene (pyry) complexes of 
palladium(II) is reported. Oxidative addition of a triflato-functionalized pyrazolium salt to 
[Pd(PPh3)4] in the presence of an external chloride source yielded the cationic complex trans-
[PdCl(PPh3)2(pyry)]OTf/BF4 (112), while carbene silver transfer starting from azolium salt 109 
gave the hetero-bis(NHC) complex trans-[PdBr2(iPr2-bimy)(pyry)] (116) and the acetonitrile 




the ligand donor strength of the pyry ligand by means of 13C NMR spectroscopy, the latter 
complex was found to be a versatile starting material for the preparation of complexes 



































































Scheme 6.1. Preparation of a selection of palladium(II) pyry complexes. 
 
All complexes were fully characterized, and with the exception of trans-[PdBr2(Bh2-bimy)(pyry)] 
(120) and trans-[PdBr2(IMes)(pyry)] (122), molecular structures were obtained. While the mixed 
phosphine-NHC complex 119 and the homo-bis(NHC) complex 124 were found to adopt a cis-
configuration, the other complexes adopted a trans-arrangement. 
All complexes were found to be catalytically active in the direct arylation of pentafluorobenzene. 
The best results were obtained with the mixed phosphine-NHC complex 119 and the hetero-
bis(NHC) complexes 177, 121 and 122. An intermediate steric bulk of the coligand seems to be 
beneficial for this reaction. Given the higher acitivites of palladium(II) NHC complexes bearing 




active precatalysts for acetato or trifluoroacetato ligands in order to improve the catalytic 
activities. 
In chapter 4, the preparation of indazolin-3-ylidene (indy) complexes of palladium(II), their 
characterization and their respective catalytic acitivies are discussed. The first section focuses on 
the 2,3-dihydro-1H-pyrazolo[1,2-a]indazolin-3-ylidene (indy-5) ligand. Starting from the 
indazolium salt 131, reaction with palladium acetate in the presence of an external bromide 
source yielded the dimeric complex [PdBr2(indy-5)]2 (131). From this complex, neutral mono-
nuclear complexes 135-137 incorporating pyridine or phosphine donor ligands could be prepared. 
It was also possible to either introduce two triphenylphosphine or one diphosphine ligand, giving 
rise to the cationic complexes 138-140. All complexes, with the exception of the very insoluble 
cis-[PdBr2(PPh3)(indy-5)] complex 136 were fully characterized. Molecular structures were 
obtained for all complexes except the cationic complexes 138 and 139, which were prone to 
decomposition upon crystallization. 
All complexes, along with their congeners featuring an 6,7,8,9-tetrahydropyridazino[1,2-
a]indazolin-3-ylidene (indy-6) ligand, were tested as precatalysts for two mechanistically 
different reactions. In the intermolecular hydroamination of phenylacetylene with the sterically 
shielded 2,6-dimethylaniline, the neutral complexes gave moderate yields, and the trans-
[PdBr(PPh3)2(indy-5)]BF4 complex 138 and its indy-6 analogue were almost inactive. Good 
yields were obtained with the dppe and dppp complexes 139, 140, 146, and 147. However, when 
considering the instability of these complexes, the catalytic acitivity is most likely due to a 
decomposition product not containing an indy ligand. In the Sonogashira cross-coupling, the 
complexes 136-138 and 143-145 containing monodentate triphenylphosphine ligands performed 
generally best, while only low yields were observed with the other complexes as precatalysts. 
The cationic bis(triphenylphosphine) complexes 138 and 145 gave the highest yields, presumably 
due to the presence of an additional stabilizing phosphine ligand. In both reactions, differences 
between the catalytic activities of the indy-5 and indy-6 series were minor. 
The second part of chapter 4 focuses on the preparation of donor-functionalized indy complexes 
by post-functionalization of a common precursor complex trans-[PdBr2(acetonitrile)(indy)] 
(156). The indy ligand in 156 bears a bromopropyl side chain. By reaction with secondary 
amines, the bromo moiety can be replaced by a tertiary amine functionality, and an additional 




complexes trans-[PdBr2(amine)(indy)] 157-161 were fully characterized, and molecular 
structures for complexes 159-161 were obtained. Interestingly, the molecular structures showed 
evidence for the presence of intramolecular hydrogen bonds between the proton on the secondary 
amine ligand and one of the bromido coligands, shortening and strengthening the Pd-N bond. 
Infrared spectroscopy furnished additional evidence for this, and suggested the presence of 
similar hydrogen bonds in the other complexes as well. The 13C NMR shifts of the Ccarbene atom 
in 157-161 showed a linear correlation to the pKb values of the secondary amine ligands, 
providing yet another example of the correlation of Ccarbene chemical shift and ligand donor 
strength of the transoid ligand in complexes of the type trans-[PdBr2(NHC)L]. When complexes 
156-161 were used as precatalysts for the direct arylation of 1-methylpyrrole, high yields of the 
cross-coupled product were obtained with all complexes. The variation between the different 
precatalysts was only minor, with 84% yield for the least active complex 160 and 97% for the 
most active complex 157. However, the substituents of the tertiary amine functionality seem to 
have an impact on the yields, with the sterically least shielded amine in 157 giving also the best 
yield, and the sterically most shielded amine in 160 leading to a yield comparable to that of the 
unfunctionalized complex 156. 
Complex 156 is a useful precursor for the introduction of other donor functionalities as well, and 
the introduction of potentially coordinating moieties based on nitrogen, oxygen, phosphorus, and 
sulfur should be explored further. 
 
 
Scheme 6.2. Preparation of indazolium salt with a bulky side chain, and %Vbur values for pyry 




The last section of chapter 4 addresses some of the major shortcomings of the indazolin-3-ylidene 
chemistry. These are the difficulties associated with preparing a wide variety of ligand 
precursors, and the lack of steric bulk in most indy ligands reported to date. To address this issue, 
an alternative synthetic approach to indazolium salts featuring bulkier substituents on N-2 was 
explored (Scheme. 6.2). By condensation of 2-bromobenzaldehyde (178) with amines in the 
presence of sodium azide under copper(I) catalysis, 2-substituted indazoles could be obtained. In 
the case of indazole 186, wich bears a cyclohexyl side chain, the feasibility of transforming these 
molecules into indazolium salts by alkylation with methyl triflate was demonstrated. The 
resulting indazolium salt 187 was used to prepare the hetero-bis(NHC) complex 188 and the 
dimeric complex 189 by means of silver carbene transfer reactions in good yields. Based on the 
molecular structure of the acetonitrile adduct trans-[PdBr2(acetonitrile)(indy)], which was 
obtained by growing single crystals of dimer 189 in the presence of acetonitrile, the %Vbur value 
was calculated. Compared to the indy-5 and the pyry ligand in similar acetonitrile adducts, the 
indy-Cy ligand is sterically more bulky, albeit the %Vbur value falls still short of those found for 
imidazole-derived NHCs. Further optimization of the synthetic pathway, as well as attempts at 
including even bulkier or more rigid secondary and tertiary substituents on the amine, are efforts 
worth pursuing.  
The final chapter describes the coordination chemistry of sulfur-functionalized benzimidazolin-2-
ylidene ligands with group 10 metals. Two series of ligand precursor salts were prepared: The 
salts 205-207 with an ethylene linker between the NHC and the thioether moiety, and the salts 
208-210 with a longer propylene linker. Mono-NHC complexes of palladium(II) and platinum(II) 
were prepared through silver carbene transfer reactions, while homo-bis(NHC) complexes of 
nickel(II) were synthesized by reaction the benzimidazolium salts with nickel(II) acetate in 
molten TBAB. 
For the platinum(II) complexes 211-216, the κ2-C,S coordination mode was unequivocally 
confirmed as the predominant cordination mode, and all complexes were fully characterized, 
including their molecular structures. However, complexes 214 and 216, both featuring a 
propylene linker between thioether and NHC moieties in the ligand, were found to coexist with 
other species in solution. Given the high reactivities of platinum-based catalysts in 




phenylacetylene with 2,6-dimethylaniline, and for the hydrosilylation of styrene with 
bis(trimethylsilyloxy)methylsilane (Scheme 6.3). 
 
 
Scheme 6.3. Catalytic activities of platinum(II) complexes 211-216. 
 
The tested complexes were catalytically active for both reactions. In the hydroamination, 
activation of the precatalysts by addition of silver(I) triflate was required, and yields ranged from 
moderate to good. However, it should be noted that the reaction conditions were milder and 
reaction times were shorter than in comparable palladium(II) catalyzed reactions. The reaction, 
which proceeded with perfect Markovnikov selectivity in all cases, was favored by ethylene 
linkers between thioether and NHC, giving rise to more stable six-membered metallacycles, and 
by bulkier NHC wingtip substituents which favor dissociation of the product. 
By contrast, in the hydrosilylation quantitative mixtures of the linear product 219 and the branced 
isomer 220 were observed, with uniform product distributions for all complexes. Quantitative 
yields were obtained with the complexes featuring propylene linkers between the NHC and 
thioether moieties, and somewhat lower yields for the ethylene-tethered congeners. The main 
factor contribution to high yields in this reaction seems to be the solubility in the very unpolar 
reaction medium, and the use of more lipophilic side chains leads to higher yields.  
Given the excellent catalytic activities of these complexes, the synthesis of more lipophilic 
analogues of complexes 214-216 and a systematic exploration of the substrate scope of this 




less lightly bound coligands, which holds the potential of further enhancing the catalytic activities 
of these complexes. 
The corresponding mono-NHC complexes of palladium(II) 221-226 showed higher molecular 
dynamic due to the weaker Pd-S bond. At ambient temperature, the methylene and methine 
resonances of the thioether side chain in these complexes could not be observed due to a 
coalescence temperature of the interconversions close to 298 K. For complex 221, variable-
temperature measurements up to 368 K in DMSO-d6 allowed to observe these groups, but for the 
other complexes, decomposition occurred before the coalescence temperature was reached. For 
the complexes 221-223 featuring ethylene tethers in the ligand the addition of pyridine to the 
NMR sample suppressed the coordination and decoordination processes of the thioether moiety 
by blocking the coordination site, and clear NMR spectra were obtained. This strategy was 
unsuccessful for the remaining three complexes. The lability of the thioether moiety allowed to 
introduce an additional iPr2-bimy ligand, giving rise to the hetero-bis(NHC) complexes 227-232, 
which could be fully characterized, including most of their molecular structures. For complexes 
222 and 223, instead of the expected κ2-C,S chelating coordination mode of the ligand, dimeric 
species with the NHC and the thioether moieties bound to different metal centers. Similar species 
had been proposed previously, but no evidence for their existence had been provided before. 
Complexes 221-232 were tested as precatalysts for the direct arylation of phenylacetylene under 
the same conditions as the indy-5 and indy-6 complexes. Reactions run in the absence of triflic 
acid produced the desired imine, albeit yields were generally low. With the additive, higher yields 
were observed for the mono-NHC complexes than for the hetero-bis(NHC) complexes, and the 
six-membered metallacycles in 221-223 performed better than the seven-membered metallacycles 
224-226, although the best-performing complex 221 fell short of the yields obtained with indy 
complex 139. The complexes 221-232 were also tested in the direct arylation of 1-methylpyrrole, 
under identical conditions as 156-161. In this reaction, the hetero-bis(NHC) complexes 
performed slightly better than their mono-NHC congeners, and bulky wingtip substituents 
favored the reaction. However, no discernible influence of the linker lengths in the thioether side 
chain was observed. When compared to the indy complexes, the benzimidazolin-2-ylidene 
complexes gave lower yields. 
The homo-bis(NHC) complexes of nickel(II) 233, 234, 236 and 237 were isolated as inseparable 




spectroscopy and DFT calculations. The energy difference between the rotamers of a simplified 
model was calculated as 1.85 kJ/mol, which corresponds well to the 3:2 ratio observed for the 
trans-anti and trans-syn rotamers of complex 233. The complexes, which were uncommonly 
soluble in organic solvents due to the long, lipophilic side chains, were used as precatalysts for 
the Suzuki-Miyaura coupling of aryl bromides and aryl chlorides. In the presence of 
triphenylphosphine, complex 233 was found to be an active catalyst, and it was possible to lower 
reaction temperatures and base loading with activated substrates without compromising the 
yields. All complexes were able to cross-couple unactivated substrates, albeit yields were low. 
With the best-performing complex 233, the substrate scope was explored. Activated aryl 
bromides and aryl chlorides were cross-coupled in good yields, although nitro groups were not 
tolerated. Less activated substrates and heteroaryl bromides were challenging substrates, or didn't 
undergo the reaction at all. Future work in this field should aim to include harder donor sites in 
the side chain, which are more suited to the hard nickel(II) center, or a phosphine functionality, 
which has been used to great success in related systems. The preparation of mono-NHC 
complexes with thioether-functionalized NHCs is also of interest. 
The last section of chapter 5 deals with the pincer-pseudopincer isomerism observed in 
palladium(II) complexes of thioether-tethered bis(NHC) ligands. These can either bind as a κ3-
C,S,C ligand and form cationic pincer complexes, or as κ2-C,C ligands forming neutral 
pseudopincers. It has been demonstrated that the preference for one or the other is linked to the 
ligand donor strength of the carbene moieties. More electron-rich NHCs stabilize the cationic 
pincer form, while less electron-rich NHCs lead to a preference for the neutral pseudopincers. 
These results might be useful in fine-tuning pincer ligands with hemilabile coordination sites for 
catalytic applications. 
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7. Experimental Section 
General Considerations 
Unless otherwise noted all operations were performed without taking precautions to exclude air 
and moisture. All solvents and chemicals were used as received without any further treatment if 
not indicated otherwise. Anhydrous solvents were prepared by drying over sodium and 
benzophenone (tetrahydrofurane, benzene) or calcium hydride (dichloromethane, acetonitrile), 
and distilled under nitrogen prior to use. 1H, 13C, 19F and 31P NMR spectra were recorded on a 
Bruker ACF 300 or a Bruker AMX 500 spectrometer. NMR Chemical shifts (δ) were referenced 
internally to the residual solvent signals relative to tetramethylsilane (1H and 13C), or externally to 
CF3CO2H (19F) and 85% H3PO4 (31P). ESI mass spectra were recorded using a Finnigan LCQ 
spectrometer. GC-MS were obtained using an Agilent 7890A Gas Chromatograph together with 
an Agilent 5975 mass spectrometer (EI). X-ray diffraction analyses were performed by the staff 
at the X-ray diffraction laboratory, Department of Chemistry, National University of Singapore, 
using a Bruker D8 VENTURE or a Bruker SMART APEX Single Crystal X-ray Diffractometer. 
Elemental analyses were done using an Elementar Vario Micro Cube by the staff at the elemental 
analyses laboratory, Department of Chemistry, National University of Singapore. 
The dimer [PdBr2(iPr2-bimy)]2,29 1,3-dibenzhydrylbenzimidazolium bromide,124 IPr·HBr,27 
IPr·HCl,27 IMes·HBr,27 SIPr·HBr,28 SIMes·HBr,28 trans-[PdCl2(IPr)(pyridine)],74a 
[NiBr2(PPh3)2], 211  1-benzylbenzimidazole,124 1-isobutylbenzimidazole,173 1-benzhydryl-
benzimidazole,124 benzimidazolium salt 199,55f and benzimidazolium salt 202155 were prepared 
according to reported procedures. 
 
5-ethoxy-3-methyl-1-phenyl-1H-pyrazole (60). 
Ethyl acetoacetate (1.00 g, 7.69 mmol, 1.00 equiv.) and phenylhydrazine-
hydrochloride (1.17 g, 8.07 mmol, 1.05 equiv.) were dissolved in absolute ethanol 
(45 mL). The resulting mixture was heated to reflux for 11 h. After that time, it was 
allowed to cool to ambient temperature, and the solvent was evaporated in vacuo. The 
residue was suspended in dichloromethane (60 mL) and the solution was washed with sodium 
bicarbonate solution (1 M, 4 × 50 mL). The organic phase was dried over sodium sulfate, filtered, 
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precipitate formed. The solution was filtered again, concentrated in vacuo, and the oily residue 
was purified by column chromatography (silica gel, hexane/ethyl acetate 3:1). The product was 
isolated as an orange liquid (210 mg, 1.04 mmol, 13%). 1H-NMR (300 MHz, CDCl3): δ 7.70 (dd, 
J = 1 Hz, 9 Hz, 2 H, Ar-H), 7.43 (t, J = 8 Hz, 2 H, Ar-H), 7.29 (d, J = 8 Hz, 1 H, Ar-H), 5.56 (s, 1 
H, CH), 4.19 (q, 3JH-H = 7 Hz, 2 H, OCH2), 2.37 (s, 3 H, CH3), 1.45 (t, 3J = 7 Hz, 3 H, CH2CH3),. 
The analytical data was in accordance with reported values.108 
 
5-aminophenyl-3-methyl-1-phenyl-1H-pyrazole (63). 
Pyrazolone 61 (600 mg, 3.44 mmol, 1.00 equiv), phosphorous pentoxide (293 mg, 
2.06 mmol, 0.60 eq) and anilinium chloride (535 mg, 4.13 mmol, 1.10 equiv.) were 
thoroughly mixed and heated to 210°C for 30 min by microwave irradiation in a 
pressure tube. The black solid formed during the reaction was dissolved in water 
and ethanol (1:1, 10 mL). The aqueous phase was extracted with ethyl acetate (2 × 50 mL), the 
combined organic layers were dried over sodium sulfate, filtered and the solvent was evaporated 
in vacuo. Recrystallization of the residue from hexane/ethyl acetate yielded the product as a dark 
orange solid (522 mg, 2.09 mmol, 61%). 1H-NMR (300 MHz, CDCl3): δ 7.58–7.53 (m, 2 H, Ar-
H), 7.59–7. 44 (m, 2 H, Ar-H), 7.39–7. 27 (m, 4 H, Ar-H), 7.00–6.59 (m, 2 H, Ar-H), 6.01 (s, 1 




Pyrazolone 61 (400 mg, 2.30 mmol, 1.00 equiv.), methanol (91.8 mg), 2.87 mmol, 
0.12 mL, 1.25 eq) and triphenylphosphine (902 mg, 3.44 mmol, 1.50 equiv.) were 
dissolved in anhydrous toluene under inert atmosphere. Diethyl azodicarboxylate 
(599 mg, 3.44 mmol, 0.54 mL, 1.50 equiv.) was added, and the mixture was stirred 
at ambient temperature for 20 h. After this time, methanol (1 mL) was added, and after 1 min, the 
solution was poured into water (20 mL). The aqueous phase was extracted with dichloromethane 
(2 × 20 mL). The combined organic layers were washed with sodium hydroxide solution (2 M, 
20 mL) and water (2 × 20 mL), dried over sodium sulfate, filtered, and the solvent was removed 
in vacuo. The residue was purified by column chromatrography (silica gel, ethyl acetate/hexane 
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MHz, CDCl3): δ 7.71–7.63 (m, 2 H, Ar-H), 7.44–7.35 (m, 2 H, Ar-H), 7.27–7.18 (m, 1 H, Ar-H), 
5.50 (s, 1 H, CH), 3.89 (s, 3 H, OCH3), 2.28 (s, 3 H, CH3). The analytical data was in accordance 
with reported values.108 
 
1,3,5-Triphenyl-1H-pyrazole (68). 
Dibenzoylmethane (12.0 g, 53.5 mmol, 1.00 equiv.) and phenylhydrazine-
hydrochloride (8.50 g, 58.8 mmol, 1.10 equiv.) were dissolved in 2-propanol 
(120 mL). The resulting mixture was heated to reflux for 14 h. After that time, it 
was allowed to cool to ambient temperature, and the solvent was evaporated in 
vacuo. The residue was suspended in dichloromethane (100 mL) and the solution was washed 
with sodium bicarbonate solution (1 M, 250 mL). The organic phase was dried over sodium 
sulfate, filtered, and the solvent was removed in vacuo. The residue was purified by 
recrystallization from methanol. The product was isolated as pale yellow solid (13.2 g, 
44.5 mmol, 83%). 1H NMR (300 MHz, CDCl3): δ 8.00–7.94 (m, 2 H, Ar-H), 7.28–7.49 (m, 13 H, 
Ar-H), 6.85 (s, 1 H, CH). The analytical data was in accordance with reported values.213 
 
3,5-Dimethyl-1-phenyl-1H-pyrazole (69). 
Pyrazole 69 was prepared from acetylacetonate (5.00 g, 50.0 mmol, 1.00 equiv.) 
and phenylhydrazine-hydrochloride (7.59 g, 52.5 mmol, 1.05 equiv.) in absolute 
ethanol (300 mL) in analogy to 68. The product was purified by Kugelrohr 
distillation (p = 1 mbar, T = 120 °C), and isolated as pale yellow liquid (7.54 g, 43.8 mmol, 88% 
yield). 1H NMR (300 MHz, CDCl3): δ 7.45–7. 38 (m, 4 H, Ar-H), 7.36–7.28 (m, 1 H, Ar-H), 5.98 




Pyrazole 70 was prepared from 67 (970 mg, 6.21 mmol, 1.00 equiv.) and 
phenylhydrazine-hydrochloride (988 mg, 6.83 mmol, 1.10 equiv.) in 2-propanol 
(14 mL) in analogy to 68. The product was isolated as an orange liquid (1.32 g, 
5.78 mmol, 93%). 1H NMR (300 MHz, CDCl3): δ 7.49–7. 32 (m, 5 H, Ar-H), 6.04 
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= 7 Hz, 3 H, CH3), 1.17 (d, 3JH-H = 7 Hz, 3 H, CH3). The analytical data was in accordance with 
the reported values.42d 
 
4-Chloro-1,3,5-triphenyl-1H-pyrazole (71). 
Pyrazole (68) (500 mg, 1.68 mmol, 1.00 equiv.) and N-chlorosuccinimide 
(561 mg, 4.20 mmol, 2.50 equiv) were dissolved in ethyl acetate (8 mL). The 
solution was sonicated at ambient temperature for 4 h. The reaction mixture was 
washed with saturated sodium thiosulfate (2 × 20 mL) and water (20 mL), dried 
over sodium sulfate, and filtered. The solvent was removed in vacuo. The product was obtained 
as an orange solid (556 mg, 1.68 mmol, > 99%). 1H NMR (300 MHz, CDCl3): δ 8.07–8.00 (m, 2 
H, Ar-H), 7.52–7.27 (m, 13 H, Ar-H). 13C{1H} NMR (75 MHz, CDCl3): δ 148.8 (C=N), 141.0 
(C-N), 140.5, 132.3, 130.7, 129.6, 129.6, 129.2, 129.2, 129.1, 129.1, 129.0, 128.4, 128.3 (Ar-C), 
125.5 (C-Cl, Ar-C). Anal. Calcd. for C21H15BrN2·HCl: C, 68.68; H, 4.39; N, 7.63. Found: 
C, 68.66; H, 3.93; N 7.68. MS (ESI) m/z 331 [M + H]+.   
 
4-Bromo-1,3,5-triphenyl-1H-pyrazole (72). 
Bromopyrazole 72 was prepared in analogy to 71 from 68 (500 mg, 1.68 mmol, 
1.00 equiv) and N-bromosuccinimide (1.03 g, 5.80 mmol, 2.00 equiv) in ethyl 
acetate (13 mL). The product was obtained as a pale yellow oil (630 mg, 
1.68 mmol, >99%). 1H NMR (300 MHz, CDCl3): δ δ 8.05–7.97 (m, 2 H, Ar-H), 
7.53–7.27 (m, 13 H, Ar-H). The analytical data was in accordance with reported values.214 
 
4-Iodo-1,3,5-triphenyl-1H-pyrazole (73). 
Iodopyrazole 73 was prepared in analogy to 71 from 68 (2.58 g, 8.71 mmol, 
1.00 equiv.) and N-iodosuccinimide (2.94 g, 13.1 mmol, 1.50 equiv.) in ethyl 
acetate (20 mL). The product was obtained as an off-white solid (3.37 g, 
7.98 mmol, 92%). 1H NMR (300 MHz, CDCl3): δ 8.02–7.92 (m, 2 H, Ar-H), 























Bromopyrazole 75 was prepared in analogy to 71 from 69 (500 mg, 2.90 mmol, 
1.00 equiv) and N-bromosuccinimide (1.03 g, 5.80 mmol, 2.00 equiv) in ethyl 
acetate (13 mL). The product was obtained as a pale yellow oil (700 mg, 
2.79 mmol, 96%). 1H NMR (300 MHz, CDCl3): δ 7.50–7.33 (m, 5 H, Ar-H), 2.30 
(s, 3 H, CH3), 2.30 (s, 3 H, CH3). The analytical data was in accordance with reported values.112 
 
4-Iodo-3,5-dimethyl-1-phenyl-1H-pyrazole (76). 
Iodopyrazole 76 was prepared in analogy to 71 from 69 (1.50 g, 8.71 mmol, 
1.00 equiv) and N-iodosuccinimide (2.94 g, 13.1 mmol, 1.50 equiv) in ethyl 
acetate (20 mL). The product was obtained as a light brown oil (2.46 g, 
8.25 mmol, 95% yield). 1H NMR (300 MHz, CDCl3): δ 7.33 – 7.50 (m, 5 H, Ar-
H), 2.33 (s, 3 H, CH3), 2.30 (s, 3 H, CH3). The analytical data was in accordance with the 
reported values.112 
 
4-Bromo-2-Methyl-1,3,5-triphenyl-1H-pyrazolium tetrafluoroborate (79). 
Salt 41 was prepared following the general procedure using bromopyrazole 
72 (555 mg, 1.55 mmol). The product was obtained as a white solid 
(521 mg, 1.09 mmol, 70% yield). 1H NMR (300 MHz, CDCl3): δ 7.87–7. 74 
(m, 4 H, Ar-H), 7.59–7.40 (m, 8 H, Ar-H), 7.39–7.34 (m, 1 H, Ar-H), 7.31–7.24 (m, 2 H, Ar-H), 
3.73 (s, 3 H, CH3). 
 
4-Iodo-2-Methyl-1,3,5-triphenyl-1H-pyrazolium tetrafluoroborate (80). 
Salt 39 was prepared following the general procedure using iodopyrazole 73 
(641 mg, 1.52 mmol). The product was obtaines as a white solid (530 mg, 
1.01 mmol, 67% yield). 1H NMR (300 MHz, CDCl3): δ 7.92 – 7.98 (m, 1 H, 
Ar-.H), 7.74 – 7.79 (m, 1 H, Ar-H), 7.68 – 7.73 (m, 1 H, Ar-H), 7.54 – 7.60 
(m, 2 H, Ar-H), 7.45 – 7.52 (m, 3 H, Ar-H), 7.39 – 7.45 (m, 3 H, Ar-H), 7.29 – 7.37 (m, 4 H, Ar-

























Complex 81 was prepared following the general procedure using 5-
aminophenylpyrazole 63 (25 mg, 0.10 mmol, 2.0 equiv). A yellow 
solid was obtained (75 mg, 0.10 mmol, >99%). 1H NMR (300 MHz, 
CDCl3): δ 7.93–7.88 (m, 2 H, Ar-H), 7.69–7.60 (m, 3 H, Ar-H), 
7.52–7.47 (m, 1 H, Ar-H), 7.46–7.41 (m, 1 H, Ar-H), 7.29–7.20 (m, 2 H, Ar-H), 7.15–7.10 (m, 2 
H, Ar-H), 7.00–6.94 (m, 3 H, Ar-H), 6.26 (sept, 3JH-H = 7 Hz, 1 H, NCH), 6.00 (s, 1 H, CH), 5.55 
(sbr, 1 H, NH), 5.32 (sept, 3JH-H = 7 Hz, 1 H, NCH), 2.75 (s, 3 H, CH3), 1.78 (d, 3JH-H = 7 Hz, 6 H, 
CH3), 1.44 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 162.8 (Ccarbene), 151.0 
(C=N), 145.2 (C-N), 141.8, 137.1, 134.1, 133.9, 130.7, 130.1, 130.0, 129.9, 122.7, 122.6, 117.9, 
113.0, 113.0 (Ar-C), 94.5 (CH), 54.9 (NCH), 54.4 (NCH), 21.4 (CH3), 20.8 (CH3), 15.9 (CH3). 
Anal. Calcd. for C29H33Br2N5Pd: C, 48.52; H, 4.63; N, 9.76. Found: C, 48.15; H, 3.93; N, 9.40. 




Complex 82 was prepared following the general procedure using 5-
methoxypyrazole 64 (19 mg, 0.10 mmol, 2.0 equiv.). A yellow solid 
was obtained (66 mg, 0.10 mmol, >99%). 1H NMR (300 MHz, 
CDCl3): δ 7.93–7.87 (m, 2 H, Ar-H), 7.66–7.59 (m, 2 H, Ar-H), 7.59–
7.53 (m, 1 H, Ar-H), 7.53–7.48 (m, 1 H, Ar-H), 7.47–7.42 (m, 1 H, Ar-H), 7.16–7.11 (m, 2 H, 
Ar-H), 6.26 (sept, 3JH-H = 7 Hz, 1 H, NCH), 5.60 (s, 1 H, CH), 5.43 (sept, 3JH-H = 7 Hz, 1 H, 
CH(CH3)2), 3.84 (s, 3 H, OCH3), 2.76 (s, 3 H, CH3), 1.77 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.45 (d, 
3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 162.3 (Ccarbene), 157.5 (C=N), 151.0 
(C-N), 137.2, 134.1, 133.9, 129.7, 129.4, 129.2, 122.6, 113.0, 113.0 (Ar-C), 87.8 (CH), 59.4 
(OCH3), 54.9 (NCH), 54.4 (NCH), 21.4 (CH3), 20.8 (CH3), 16.3 (CH3). Anal. Calcd for 
C24H30Br2N4OPd: C, 43.89; H, 4.60; N, 8.53. Found: C, 43.61; H, 4.15; N, 8.85. MS (ESI) m/z 























Complex 83 was prepared following the general procedure using 
1,3,5-triphenyl-1H-pyrazole (68) (30 mg, 0.10 mmol, 2.0 equiv.). A 
pale yellow solid was obtained (73 mg, 0.10 mmol 95% yield). 1H 
NMR (300 MHz, CDCl3): δ 8.48–8.41 (m, 2 H, Ar-H), 7.94–7.86 (m, 
2 H, Ar-H), 7.63–7.56 (m, 5 H, Ar-H), 7.47–7.36 (m, 2 H, Ar-H), 
7.31–7.22 (m, 6 H, Ar-H), 7.14–7.07 (m, 2 H, Ar-H), 6.76 (s, 1 H, CH), 5.93 (sept, 3JH-H = 7 Hz, 
1 H, NCH), 5.07 (sept, 3JH-H = 7 Hz, 1 H, NCH), 1.55 (d, 3JH-H  = 7 Hz, 6 H, CH3), 1.41 (d, 3JH-
H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 161.6 (Ccarbene), 154.9 (C=N), 147.9 (C-
N), 139.4, 134.0, 133.9, 133.2, 131.6, 130.4, 129.9, 129.6, 129.5, 129.4, 129.3, 129.3, 129.1, 
128.8, 122.6, 122.5, 113.0, 113.0 (Ar-C), 107.8 (CH), 54.7 (NCH), 54.3 (NCH), 20.9 (CH3), 20.9 





Complex 84 was prepared following the general procedure using 3,5-
dimethylpyrazole 69 (17 mg, 0.10 mmol, 2.0 equiv). A pale yellow 
solid was obtained (56 mg, 0.09 mmol, 87%). 1H NMR (300 MHz, 
CDCl3): δ 7.83–7.73 (m, 2 H, Ar-H), 7.71–7.56 (m, 3 H, Ar-H), 7.55–
7.39 (m, 2 H, Ar-H), 7.18–7.08 (m, 2 H, Ar-H), 6.25 (sept, 3JH-H = 7.Hz, 1 H, NCH), 6.08 (s, 1 H, 
CH), 5.27 (sept, 3JH-H = 7 Hz, 1 H, NCH), 2.75 (s, 3 H, CH3), 2.15 (s, 3 H, CH3), 1.77 (d, 3JH-
H = 7 Hz, 6 H, CH3), 1.43 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 163.0 
(Ccarbene), 150.1 (C=N), 143.3 (C-N), 138.8, 134.0, 133.9, 130.6, 129.7, 129.4, 122.6, 113.1, 113.0 
(Ar-C), 108.0 (CH), 54.9 (NCH), 54.4 (NCH), 21.4 (CH3), 20.8 (CH3), 15.3 (CH3), 12.7 (CH3). 
Anal. Calcd. for C24H30Br2N4Pd: C, 44.99; H, 4.72; N, 8.74. Found: C, 44.77; H, 4.58; N, 8.21. 






















Complex 85 was prepared following the general procedure using 3,5-
diisopropylpyrazole 70 (23 mg, 0.10 mmol, 2.0 equiv.). A yellow 
solid was obtained (70 mg, 0.10 mmol, >99%). 1H NMR (300 MHz, 
CDCl3): δ 7.83–7.75 (m, 2 H, Ar-H), 7.68–7.59 (m, 3 H, Ar-H), 
7.53–7.46 (m, 1 H, Ar-H), 7.45–7.39 (m, 1 H, Ar-H), 7.16–7.08 (m, 2 H, Ar-H), 6.29 (sept, 3JH-
H = 7 Hz, 1 H, NCH), 6.09 (s, 1 H, CH), 5.10 (sept, 3JH-H = 7 Hz, 1 H, NCH), 3.98 (sept, 3JH-
H = 7 Hz, 1 H, CH), 2.77 (sept, 3JH-H = 7 Hz, 6 H, CH), 1.76 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.54 (d, 
3JH-H = 7 Hz, 6 H, CH3), 1.42 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.12 (d, 3JH-H = 7 Hz, 6 H, CH3). 
13C{1H} NMR (75 MHz, CDCl3): δ 163.1 (Ccarbene), 160.3 (C=N), 154.1 (C-N), 139.0, 134.0, 
133.9, 131.4, 129.8, 129.3, 122.6, 122.5, 113.0, 113.0 (Ar-C), 100.5 (CH), 54.9 (NCH), 54.3 
(NCH), 29.1 (CH), 26.4 (CH), 23.4 (CH3), 23.1 (CH3), 21.3 (CH3), 20.9 (CH3). Anal. Calcd. for 




Complex 86 was prepared following the general procedure using 
pyrazole 71 (33 mg, 0.10 mmol, 2.0 equiv). An orange solid was 
obtained (80 mg 0.10 mmol, >99%). 1H NMR (300 MHz, CDCl3): δ 
8.35–8.26 (m, 2 H, Ar-H), 7.89–7.82 (m, 2 H, Ar-H), 7.70–7.53 (m, 
6 H, Ar-H), 7.45–7.31 (m, 7 H, Ar-H), 7.14–7.06 (m, 2 H, Ar-H), 5.67 (sept, 3JH-H = 7 Hz, 1 H, 
NCH), 5.11 (sept, 3JH-H = 7 Hz, 1 H, NCH), 1.50 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.41 (d, 
3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 160.8 (Ccarbene), 151.5 (C=N), 144.0 
(C-N), 139.1, 133.9, 133.8, 131.7, 131.3, 130.7, 130.5, 130.1, 130.1, 129.8, 129.4, 129.1, 128.7, 
127.4, 122.6, 122.6, 113.0, 113.0 (Ar-C), 110.6 (C-Cl), 54.6 (NCH), 54.4 (NCH), 20.8 (CH3), 
20.8 (CH3). Anal. Calcd. for C34H33Br2ClN4Pd: C, 51.09; H, 4.16; N, 7.01. Found: C, 51.29; H, 























Complex 87 was prepared following the general procedure using 
pyrazole 72 (38 mg, 0.10 mmol, 2.0 equiv.). An orange solid was 
obtained (84 mg, 0.10 mmol, >99%). 1H NMR (300 MHz, CDCl3): δ 
8.30–8.20 (m, 2 H, Ar-H), 7.88–7.81 (m, 2 H, Ar-H), 7.68–7.52 (m, 
6 H, Ar-H), 7.44–7.32 (m, 7 H, Ar-H), 7.15–7.05 (m, 2 H, Ar-H), 5.61 
(sept, 3JH-H = 7 Hz, 1 H, NCH), 5.10 (sept, 3JH-H = 7 Hz, 1 H, NCH), 1.48 (d, 3JH-H = 7 Hz, 6 H, 
CH3), 1.40 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 160.8 (Ccarbene), 152.9 
(C=N), 145.7 (C-N), 139.1, 133.9, 133.8, 131.9, 131.4, 131.2, 130.7, 130.3, 130.1, 129.7, 129.3, 
129.0, 128.6, 128.0, 122.6, 122.6, 113.0, 113.0 (Ar-C), 96.8 (C-Br), 54.6 (NCH), 54.4 (NCH), 
20.8 (CH3), 20.8 (CH3). Anal. Calcd. for C34H33Br3N4Pd: C, 48.40; H, 3.94; N, 6.64. Found: C, 




Complex 88 was prepared following the general procedure pyrazole 
73 (42 mg, 0.10 mmol, 2.0 equiv.). An off-white solid was obtained 
(87 mg, 0.10 mmol, 98%). 1H NMR (300 MHz, CDCl3): δ 8.23–8. 15 
(m, 2 H, Ar-H), 7.86–7.84 (m, 2 H, Ar-H), 7.69–7.49 (m, 6 H, Ar-H), 
7.45–7.31 (m, 7 H, Ar-H), 7.13–7.06 (m, 2 H, Ar-H), 5.55 (sept, 3JH-H = 7 Hz, 1 H, NCH), 5.11 
(sept, 3JH-H = 7 Hz, 1 H, NCH), 1.47 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.40 (d, 3JH-H = 7 Hz, 6 H, CH3). 
13C{1H} NMR (75 MHz, CDCl3): δ 160.9 (Ccarbene), 156.0 (C=N), 149.0 (C-N), 139.2, 133.9, 
133.8, 132.6, 132.2, 131.1, 130.9, 130.1, 130.0, 129.7, 129.3, 129.0, 128.6, 122.6, 122.6, 113.0, 
113.0 (Ar-C), 65.8 (C-I), 54.6 (NCH), 54.4 (NCH), 20.8 (CH3), 20.8 (CH3). Anal. Calcd. for 


























Complex 89 was prepared following the general procedure using 
pyrazole 75 (25 mg, 0.10 mmol, 2.0 equiv.). A pale yellow solid was 
obtained (70 mg ,  mmol, 97%). 1H NMR (300 MHz, CDCl3): δ 7.82–
7.61 (m, 5 H, Ar-H), 7.54–7.39 (m, 2 H, Ar-H), 7.18–7.08 (m, 2 H, 
Ar-H), 6.22 (sept, 3JH-H = 7 Hz, 1 H, NCH), 5.22 (sept, 3JH-H = 7 Hz, 1 H, NCH), 2.76 (s, 3 H, 
CH3), 2.17 (s, 3 H, CH3), 1.77 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.42 (d, 3JH-H = 7 Hz, 6 H, CH3). 
13C{1H} NMR (75 MHz, CDCl3): δ 161.8 (Ccarbene), 148.9 (C=N), 142.0 (C-N), 138.7, 134.0, 
133.9, 130.5, 130.2, 129.6, 122.7, 113.1, 113.0 (Ar-C), 97.2 (C-Br), 55.1 (NCH), 54.4 (NCH), 
21.3 (CH3), 20.8 (CH3), 14.3 (CH3), 12.1 (CH3). Anal. Calcd. for C24H29Br3N4Pd·CHCl3: C, 




Complex 90 was prepared following the general procedure using 
pyrazole 76 (30 mg, 0.10 mmol, 2.0 equiv.). A pale yellow solid was 
obtained (79 mg, 0.10 mmol, >99%). 1H NMR (300 MHz, CDCl3): δ 
7.81–7.75 (m, 2 H, Ar-H), 7.71–7.62 (m, 3 H, Ar-H), 7.53–7.48 (m, 
1 H, Ar-H), 7.46–7.41 (m, 1 H, Ar-H), 7.17–7.11 (m, 2 H, Ar-H), 6.22 (sept, 3JH-H = 7 Hz, 1 H, 
NCH), 5.21 (sept, 3JH-H = 7 Hz, 1 H, NCH), 2.78 (s, 3 H, CH3), 2.20 (s, 3 H, CH3), 1.77 (d, 3JH-H 
= 7 Hz, 6 H, CH3), 1.43 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 161.8 
(Ccarbene), 152.0 (C=N), 145.4 (C-N), 139.0, 134.1, 133.9, 130.6, 130.2, 129.6, 122.7, 113.2, 113.0 
(Ar-C), 65.9 (C-I), 55.1 (NCH), 54.5 (NCH), 21.4 (CH3), 20.9 (CH3), 16.2 (CH3), 14.0 (CH3). 
Anal. Calcd. for C24H29Br2IN4Pd·CH2Cl2: C, 35.26; H, 3.67; N, 6.58. Found: C, 34.81; H, 3.19; 
N, 6.65. MS (ESI) m/z 685 [M - Br]+. 
 
2-Ethyl-3,5-dimethyl-1-phenyl-1H-pyrazolium bromide (91). 
Salt 91 was prepared following the general procedure using 3,5-
dimethylpyrazole 69 (258 mg, 1.50 mmol). An off-white solid was obtained 
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NMR). 1H NMR (300 MHz, CDCl3): δ 7.78–7.63 (m, 5 H, Ar-H), 6.59 (s, 1 H, CH), 4.34 (q, 3JH-
H = 7 Hz, 2 H, NCH2), 2.67 (s, 3 H, CH3), 2.23 (s, 3 H, CH3), 1.19 (t, 3JH-H = 7 Hz, 3 H, CH3). 
 
2-Ethyl-3,5-diisopropyl-1-phenyl-1H-pyrazolium bromide (92). 
Salt 92 was prepared following the general procedure using 3,5-
diisopropylpyrazole 70 (342 mg, 1.50 mmol). Trace amounts of a brown solid 
were obtained. 1H NMR (300 MHz, CDCl3): δ 7.83–7.77 (m, 2 H, Ar-H), 7.75–
7.68 (m, 3 H, Ar-H), 6.46 (s, 1 H, CH), 4.43 (q, J = 7 Hz, 2 H, NCH2), 3.35 (sept, 3JH-H = 7 Hz, 
1 H, CH), 2.66 (sept, 3JH-H = 7 Hz, 1 H, CH), 1.44 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.22 (d, 3JH-
H = 7 Hz, 6 H, CH3), 1.20 (t, J = 7 Hz, 3 H, CH3). 
 
5-Aminophenyl-2-ethyl-3-methyl-1-phenyl-1H-pyrazolium iodide (93). 
Salt 93 was prepared following the general procedure using amine-
functionalized pyrazole 63 (150 mg, 0.60 mmol). A light brown solid was 
obtainted (142 mg, 0.35 mmol, 58%). 1H NMR (300 MHz, CDCl3): δ 7.85–
7.78 (m, 2 H, Ar-H), 7.73–7.69 (m, 2 H, Ar-H), 7.62–7.58 (m, 1 H, Ar-H), 7.38–7.28 (m, 4 H, 
Ar-H), 7.19–7.11 (m, 1 H, Ar-H), 6.09 (s, 1 H, CH), 4.04 (q, 3JH-H = 7 Hz, 2 H, NCH2), 2.52 (s, 3 
H, CH3), 1.20 (t, 3JH-H = 7 Hz, 3 H, CH3). 
 
2-Ethyl-3,5-dimethyl-1-phenyl-1H-pyrazolium iodide (94). 
Salt 94 was prepared following the general procedure using 3,5-dimethylpyrazole 
69 (258 mg, 1.50 mmol). A light grey solid was obtainted (488 mg, 1.49 mmol, 
99%). 1H NMR (300 MHz, CDCl3): δ 7.83–7.77 (m, 2 H, Ar-H), 7.74–7.68 (m, 
3 H, Ar-H), 6.57 (s, 1 H, CH), 4.32 (q, 3JH-H = 7 Hz, 2 H, NCH2), 2.68 (s, 3 H, CH3), 2.24 (s, 3 H, 
CH3), 1.22 (t, 3JH-H = 7 Hz, 3 H, CH3). 
 
2-Ethyl-3,5-diisopropyl-1-phenyl-1H-pyrazolium iodide (95). 
Salt 95 was prepared following the general procedure using 3,5-
diisopropylpyrazole 70 (342 mg, 1.50 mmol). A light brown solid was obtained 
(433 mg, 1.13 mmol, 75%). 1H NMR (300 MHz, CDCl3): δ 7.91–7.84 (m, 2 H, 
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3JH-H = 7 Hz, 1 H, CH), 2.67 (sept, 3JH-H = 7 Hz, 1 H, CH), 1.48 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.24 
(d, J = 7 Hz, 6 H, CH3), 1.22 (t, 3JH-H = 7 Hz, 3 H, CH3). 
 
4-Bromo-2-ethyl-3,5-dimethyl-1-phenyl-1H-pyrazolium iodide (96). 
Salt 96 was prepared following the general procedure using pyrazole 89 (126 mg, 
0.50 mmol). A light brown solid was obtainted (60 mg, mixture of starting 
material and product, 24% yield as determined by NMR). 1H NMR (300 MHz, 
CDCl3): δ 7.82 – 7.89 (m, 2 H, Ar-H), 7.67 – 7.77 (m, 3 H, Ar-H), 4.45 (q, 3JH-
H = 7.3 Hz, 2 H, CH2CH3), 2.76 (s, 3 H, CH3), 2.70 (s, 3 H, CH3), 1.24 (t, 3JH-H = 7.3 Hz, 3 H, 
CH2CH3). 
 
2,3-Dimethyl-5-methoxy-1-phenyl-1H-pyrazolium tetrafluoroborate (97). 
Salt 97 was prepared following the general procedure using methoxy-
functionalized pyrazole 64 (49 mg, 0.26 mmol). A white solid was obtained 
(47 mg, 0.16 mmol, 62%). 1H NMR (300 MHz, CDCl3): δ 7.55–7.36 (m, 5 H, 
Ar-H), 6.10 (s, 1 H, CH), 3.91 (s, 3 H, OCH3), 3.47 (s, 3 H, NCH3), 2.41 (s, 3 H, CH3). 
 
2-Methyl-1,3,5-triphenyl-1H-pyrazolium tetrafluoroborate (98). 
Salt 98 was prepared following the general procedure using 1,3,5-triphenyl-
1H-pyrazole (68) (296 mg, 1.00 mmol). An off-white solid was obtained 
(221 mg 0.55 mmol, 55%). 1H NMR (300 MHz, CDCl3): δ =7.80–7. 31 (m, 15 
H, Ar-H) 6.89 (s, 1 H, CH), 3.81 (s, 3 H, NCH3). 
 
2,3,5-Trimethyl-1-phenyl-1H-pyrazolium tetrafluoroborate (99). 
Salt 99 was prepared following the general procedure using 3,5-
dimethylpyrazole 69 (172 mg, 1.50 mmol). A white solid was obtained (210 mg, 
0.77 mmol, 77%). 1H NMR (300 MHz, CDCl3): δ 7.74–7.46 (m, 5 H, Ar-H), 
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3,5-Diisopropyl-2-methyl-1-phenyl-1H-pyrazolium tetrafluoroborate (100). 
Salt 100 was prepared following the general procedure using 3,5-
diisopropylpyrazole 70 (228 mg, 1.00 mmol). A brown solid was obtained 
(234 mg, 0.74 mmol, 74%). 1H NMR (300 MHz, CDCl3): δ 7.73–7.57 (m, 5 H, 
Ar-H), 6.41 (s, 1 H, CH), 3.65 (s, 3 H, NCH3), 3.20 (sept, 3JH-H = 7 Hz, 1 H, CH), 2.68 (sept, 
J = 7 Hz, 1 H, CH), 1.39 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.21 (d, J = 7 Hz, 6 H, CH3). 
 
4-Chloro-2-methyl-1,3,5-triphenyl-1H-pyrazolium tetrafluoroborate (101). 
Salt 101 was prepared following the general procedure using pyrazole 71 
(165 mg, 0.50 mmol). A white solid was obtained (79 mg, 0.18 mmol, 37%). 
1H NMR (300 MHz, CDCl3): δ 7.84–7.70 (m, 4 H, Ar-H), 7.61–7.27 (m, 11 H, 
Ar-H), 3.73 (s, 3 H, NCH3). 
 
4-Bromo-2-Methyl-1,3,5-triphenyl-1H-pyrazolium tetrafluoroborate (102). 
Salt 102 was prepared following the general procedure using pyrazole 72 
(555 mg, 1.55 mmol). A white solid was obtained (521 mg, 1.09 mmol, 70%). 
1H NMR (300 MHz, CDCl3): δ 7.84–7.74 (m, 4 H, Ar-H), 7.59–7.40 (m, 8 H, 
Ar-H), 7.39–7.34 (m, 1 H, Ar-H), 7.31–7.24 (m, 2 H, Ar-H), 3.73 (s, 3 H, NCH3). 
 
4-Iodo-2-Methyl-1,3,5-triphenyl-1H-pyrazolium tetrafluoroborate (103). 
Salt 103 was prepared following the general procedure using pyrazole 73 
(641 mg, 1.52 mmol). A white solid was obtained (530 mg , 1.01 mmol, 67%). 
1H NMR (300 MHz, CDCl3): δ 7.98–7.92 (m, 1 H, Ar-H), 7.79–7.74 (m, 1 H, 
Ar-H), 7.73–7.68 (m, 1 H, Ar-H), 7.60–7.54 (m, 2 H, Ar-H), 7.52–7.45 (m, 3 
H, Ar-H), 7.45–7.39 (m, 3 H, Ar-H), 7.37–7.29 (m, 4 H, Ar-H), 3.74 (s, 3 H, NCH3). 
 
5-Chloro-3-methyl-1-phenyl-1H-pyrazole (104). 
Pyrazolone 61 (5.00 g, 28.7 mmol, 1.00 equiv.) and phosphorous trichloride 
(5.91 g, 43.1 mmol, 1.50 equiv.) were thoroughly mixed and heated to 160 °C 
under microwave irradiation for 2 h. After cooling to ambient temperature, ice 
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(2 × 45 mL). The combined organic layers were successively washed with aqueous sodium 
hydroxide solution (2 N, 2 × 40 mL) and water (40 mL), dried over sodium sulfate, filtered, and 
the solvent was removed in vacuo. The product was obtained as a colourless liquid (4.49 g, 
23.3 mmol, 81%). 1H NMR (300 MHz, CDCl3): δ 7.57–7.51 (m, 2 H, Ar-H), 7.50–7.43 (m, 2 H, 
Ar-H), 7.41–7.35 (m, 1 H, Ar-H), 6.19 (s, 1 H, CH), 2.32 (s, 3 H, CH3). The analytical data was 
in accordance with reported values.216 
 
3-Methyl-1-phenyl-1H-pyrazol-5-yl-trifluoromethanesulfonate (105). 
Pyrazolone 61 (600 mg, 3.44 mmol, 1.00 equiv.) was dissolved in anhydrous 
dichloromethane (40 mL). N-Phenylbis-(trifluoromethanesulfoneimide) (1.47 g, 
4.13 mmol, 1.20 equiv.) and triethylamine (1.04 g, 1.40 mL, 10.3 mmol, 
3.00 equiv.) were added and the mixture was heated to reflux for 3 h. After cooling to ambient 
temperature, it was diluted with dichloromethane (20 mL), washed with water (60 mL), dried 
over sodium sulfate, filtered and concentrated in vacuo. The residue was purified by column 
chromatography (silica gel, ethyl acetate/hexane 1:3) to give the product as a pale yellow liquid 
(1.04 g, 3.40 mmol, 99%). 1H NMR (300 MHz, CDCl3): δ 7.54–7.33 (m, 5 H, Ar-H), 6.14 (s, 1 
H, CH), 2.34 (s, 3 H, CH3). The analytical data was in accordance with reported values.122 
 
5-Chloro-2,3-dimethyl-1-phenyl-pyrazolium tetrafluoroborate (107). 
Pyrazole 104 (384 mg, 2.00 mmol, 1.00 equiv.) was dissolved in anhydrous 
dichloromethane (6 mL). Trimethyloxonium tetrafluoroborate (473 mg, 
3.20 mmol, 1.6 equiv.) was added, and the mixture was heated to reflux for 20 h 
under a dry nitrogen atmosphere. After cooling to ambient temperature, the solvent was removed 
in vacuo. The residue was washed with diethyl ether (3 mL) and dried in vacuo. The product was 
obtained as a white solid (350 mg, 1.19 mmol, 60%). 1H NMR (300 MHz, DMSO-d6): δ 7.87–
7.72 (m, 5 H, Ar-H), 7.29 (s, 1 H, CH), 3.68 (s, 3 H, NCH3), 2.58 (s, 3 H, CH3). 13C{1H} NMR 
(75 MHz, DMSO-d6): δ 149.0 (C=N), 135.5 (Cl-C-N), 133.0, 130.6, 130.2, 129.1 (Ar-C), 107.8 
(CH), 35.5 (NCH3), 11.9 (CH3). 19F NMR (170 MHz, DMSO-d6): δ -77.23, -77.18 (BF4). Anal. 
Calcd. for C11H12BClF4N2: C, 44.86; H, 4.11; N, 9.51. Found: C, 44.57; H, 4.13; N, 9.52. MS 
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5-Trifluoromethanesulfonyl-2,3-dimethyl-1-phenyl-pyrazolium tetrafluoroborate (108). 
Pyrazole 105 (3.34 g, 10.9 mmol, 1.00 equiv.) was dissolved in anhydrous 
dichloromethane (50 mL). Trimethyloxonium tetrafluoroborate (1.94 g, 
13.1 mmol, 1.20 equiv.) was added, and the mixture was heated to reflux for 
10 h under dry nitrogen atmosphere. After cooling to ambient temperature, the solvent was 
removed in vacuo. The residue was dissolved in THF and precipitated by addition of diethyl 
ether, collected by filtration, and dried in vacuo. The product was obtained as an off-white solid 
(3.36 g, 8.23 mmol, 76%). 1H NMR (300 MHz, CDCl3): δ 7.82–7.62 (m, 5 H, Ar-H), 6.67 (s, 1 
H, CH), 3.77 (s, 3 H, NCH3), 2.67 (s, 3 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 151.6 
(C=N), 145.4 (O-C-N), 134.2, 131.5, 129.8, 128.8 (Ar-C), 98.9 (CH), 35.7 (NCH3), 13.4 (CH3); 
CF3 not observed. 19F NMR (170 MHz, CDCl3): δ -77.83, -77.78 (BF4), -4.38 (OTf). Anal. Calcd. 
for C12H12BF7N2O3S: C, 35.32; H, 2.96; N, 6.86. Found: C, 35.09; H, 2.61; N, 6.78. MS (ESI) 
m/z 321 [M - BF4]+. 
 
2,3-Dimethyl-1-phenyl-1H-pyrazolium tetrafluoroborate (109). 
Pyrazole 106 (1.00 g, 6.32 mmol, 1.00 equiv.) was dissolved in anhydrous 
dichloromethane (15 mL). Trimethyloxonium tetrafluoroborate (1.12 g, 
7.59 mmol, 1.20 equiv.) was added, and the mixture was heated to reflux for 
15 h under a dry nitrogen atmosphere. After cooling to ambient temperature, the solvent was 
removed in vacuo and the residue was washed with diethyl ether (5 mL). The product was 
obtained as a white solid (1.64 g, 6.31 mmol, >99%). 1H NMR (300 MHz, CDCl3): δ 7.91 (d, 3JH-
H = 3 Hz, 1 H, 5-H), 7.71–7.51 (m, 5 H, Ar-H), 6.69 (d, 3JH-H = 3 Hz, 1 H, 4-H), 3.75 (s, 3 H, 
NCH3), 2.56 (s, 3 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 149.9 (C-3), 137.2 (C-5), 133.3, 
133.2, 131.2, 128.5 (Ar-C), 109.4 (C-4), 35.2 (NCH3), 13.0 (CH3). 19F NMR (170 MHz, CDCl3): 
δ -76.92, -76.87 (BF4). Anal. Calcd. for C11H13BF4N2: C, 50.81; H, 5.04; N, 10.77. Found: C, 












palladium(II) tetrafluoroborate/triflate (112). 
Tetrakis(triphenylphosphine)palladium (1.16 g, 1.00 mmol, 
1.00 equiv.) was dissolved in anhydrous dichloromethane 
(15 mL), and pyrazolium salt 108 (429 mg, 1.05 mmol, 
1.05 equiv) and TBACl (292 mg, 1.05 mmol, 1.05 equiv) were 
added. The mixture was heated to reflux for 10 h under a dry 
nitrogen atmosphere. After cooling to ambient temperature, 
the solvent was evaporated in vacuo. The residue was washed with diethyl ether/THF mixture 
(1:1, 5 mL), and dried in vacuo. After recrystallization from CHCl3/hexane, the product was 
obtained as a pale yellow solid (477 mg, 0.515 mmol, 52%). 1H NMR (300 MHz, CDCl3): δ 
7.80–7.29 (m, 35 H, Ar-H), 6.63 (s, 1 H, CH), 3.35 (s, 3 H, NCH3), 2.05 (s, 3 H, CH3). 13C{1H} 
NMR (75 MHz, CDCl3): δ 165.6 (Ccarbene), 148.7 (C=N), 136.3 (Ar-C), 135.0 (t, JC-P = 6 Hz, Ar-
C), 132.1, 131.3, 130.4, 130.0, 129.7 (Ar-C), 129.3 (t, JC-P = 5 Hz, Ar-C), 127.3 (CH), 36.2 
(NCH3), 12.7 (CH3). 19F NMR (170 MHz, CDCl3): δ -77.06, -77.00 (BF4), -2.22 (OTf). 31P NMR 
(158 MHz, CDCl3): δ 22.9. Anal. Calcd. for (C47H42ClN2P2Pd(BF4)2/3OTf1/3): C, 60.08; H, 4.47; 
N, 2.96. Found: C, 59.50; H, 4.83; N, 3.73. MS (ESI) m/z 837 [M - BF4]+. 
 
(3-Methyl-1-phenyl-1H-pyrazol-5-yl)triphenylphosphonium tetrafluoroborate (114). 
Pyrazole 105 (37 mg, 0.12 mmol, 1.20 equiv.) and [Pd(PPh3)4] (116 mg, 
0.10 mmol, 1.00 equiv.) were dissolved in anhydrous toluene (2 mL) and 
heated to 75° C for 20 h. After the mixture had cooled to ambient 
temperature, the solution was filtered over a short plug of Celite. It was 
diluted with dichloromethane (5 mL), extracted with water (10 mL), dried over sodium sulfate, 
and filtered. The solvent was almost completely removed under reduced pressure, and pentane 
(10 mL) was added. A white precipitate was isolated (31 mg, 0.05 mmol, 54%). 1H NMR (300 
MHz, CDCl3): δ 7.94–7.80 (m, 3 H, Ar-H), 7.80–7.54 (m, 13 H, Ar-H), 7.15–7.03 (m, 2 H, Ar-
H), 6.97–6.88 (m, 2 H, Ar-H), 6.83–6.75 (m, 1 H, CH), 2.48 (s, 3 H, CH3). 19F NMR (170 MHz, 














Pyrazolium salt 109 (52 mg, 0.20 mmol, 1.00 equiv.), 
tetrabutylammonium bromide (64 mg, 0.20 mmol, 1.00 equiv.) and 
silver(I) oxide (23 mg, 0.10 mmol, 0.50 equiv.) were dissolved in 
dichloromethane (25 mL) and stirred shielded from light for 15 h at 
ambient temperature. [PdBr2(iPr2-bimy)]2 (94 mg, 0.10 mmol, 0.50 equiv.) was added, and the 
solution was stirred at ambient temperature for another 2 h shielded from light. The resulting 
suspension was filtered over a short plug of Celite and concentrated in vacuo. The solid residue 
was washed with diethyl ether (5 mL), and dried in vacuo. The product was obtained as a yellow 
solid (103 mg, 0.160 mmol, 80%). 1H NMR (300 MHz, CDCl3): δ 7.90–7.80 (m, 2 H, Ar-H), 
7.68–7.60 (m, 3 H, Ar-H), 7.50–7.40 (m, 2 H, Ar-H), 7.14–7.06 (m, 2 H, Ar-H), 6.51 (s, 1 H, 4-
H), 5.72 (sept, 3JH-H = 7 Hz, 2 H, NCH), 3.49 (s, 3 H, NCH3), 2.31 (s, 3 H, CH3), 1.57 (d, 3JH-H = 
7 Hz, 12 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 182.8 (Ccarbene, bimy), 175.4 (Ccarbene, 
pyry), 144.0 (C=N), 138.6, 134.2, 131.0, 130.5, 129.8, 122.1, 116.1, 113.0 (Ar-C), 53.9 (NCH), 
34.1 (NCH3), 21.6 (CH3), 12.7 (CH3). Anal. Calcd. for C24H30Br2N4Pd: C, 44.99; H, 4.72; N, 




Pyrazolium salt 109 (650 mg, 2.50 mmol, 1.00 equiv.), silver(I) oxide 
(290 mg, 1.25 mmol, 0.50 equiv.) and tetrabutylammonium bromide 
(806 mg, 2.50 mmol, 1.00 equiv.) were suspended in dichloromethane 
(60 mL) and stirred at ambient temperature for 15 h shielded from light. 
Palladium(II) bromide (660 mg, 2.50 mmol, 1.00 equiv.) was dissolved in acetonitrile (60 mL) 
and heated to 50 °C for 20 min. The resulting [PdBr2(acetonitrile)2] solution was slowly added to 
the reaction mixture. After stirring for an additional 2 h, the mixture was filtered over a short plug 
of Celite, and the solvent was concentrated to 10 mL. The precipitate was collected and dried 
under reduced pressure. The product was obtained as a yellow solid (937 mg, 1.95 mmol, 78%). 
1H NMR (300 MHz, CDCl3): δ 7.72–7.78 (m, 5 H, Ar-H), 6.40 (s, 1 H, CH), 3.43 (s, 3 H, NCH3), 














7. Experimental Section 
 
 196
(Ccarbene), 144.5 (C=N), 137.0, 131.1, 130.0, 129.9, 129.8 (Ar-C), 115.9 (CN), 34.3 (NCH3), 12.3 
(CH3), 2.1 (CH3). Anal. Calcd. for C13H15Br2N3Pd: C, 32.56; H, 3.15; N, 8.76. Found: C, 32.98; 
H, 3.32; N, 8.45. MS (ESI) m/z 397 [M - Br]+. 
 
trans-Dibromido(2,3-dimethyl-1-phenyl-pyrazolin-5-ylidene)(pyridine)palladium(II) (118). 
Pyridine (8.0 µL, 0.10 mmol, 1.00 equiv.) and complex 117 (50 mg, 
0.10 mmol, 1.00 equiv) were dissolved in dichloromethane (5 mL). The 
solution was stirred for 30 min at ambient temperature. Then, the solvent 
was evaporated in vacuo. The product was obtained as a yellow solid (52 
mg, 0.10 mmol, >99%). 1H NMR (300 MHz, CDCl3): δ 8.80–8.75 (m, 2 H, Ar-H), 7.84–7.77 (m, 
2 H, Ar-H), 7.65–7.57 (m, 4 H, Ar-H), 7.22–7.14 (m, 2 H, Ar-H), 6.50 (s, 1 H, CH), 3.48 (s, 3 H, 
NCH3), 2.31 (s, 3 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 154.1 (Ccarbene), 153.0 (Ar-C), 
144.4 (C=N), 137.9, 137.7, 131.3, 130.4, 130.1, 124.8 (Ar-C), 116.9 (CH), 34.5 (NCH3), 12.9 
(CH3). Anal. Calcd. for C16H17Br2N3Pd·CH2Cl2: C, 33.89; H, 3.18; N, 6.97. Found: C, 33.94; H, 




Triphenylphosphine (26 mg, 0.10 mmol, 1.00 equiv.) and complex 117 (50 mg, 
0.10 mmol, 1.00 equiv.) were dissolved in dichloromethane (5 mL). The 
solution was stirred for 30 min at ambient temperature. Then, the solvent was 
evaporated in vacuo. The residue was washed with diethyl ether (5 mL) and dried. The product 
was obtained as a yellow solid (71 mg, 0.10 mmol, >99%). 1H NMR (300 MHz, CD2Cl2): δ 7.77–
7.41 (m, 8 H, Ar-H), 7.35–7.24 (m, 12 H, Ar-H), 6.39 (s, 1 H, CH), 3.31 (s, 3 H, NCH3), 2.27 (s, 
3 H, CH3). 13C{1H} NMR (75 MHz, CD2Cl2): δ 166.5 (Ccarbene), 145.0 (C=N), 136.0 (Ar-C), 
135.6 (d, JC-P = 11 Hz, Ar-H), 131.4, 130.7 (Ar-C), 130.5 (d, JC-P = 3 Hz, Ar-H), 130.3, 129.7 
(Ar-C), 127.7 (d, JC-P = 11 Hz, Ar-C), 115.8 (CH), 34.4 (NCH3), 11.9 (CH3). 31P NMR (158 
MHz, CDCl3): δ 27.3. Anal. Calcd. for C29H27Br2N2Pd: C, 49.71; H, 3.88; N, 4.00. Found: C, 



















1,3-Dibenzhydrylbenzimidazolium bromide (106 mg, 0.20 mmol, 
1.00 equiv.) and silver(I) oxide (23 mg, 0.10 mmol, 0.50 equiv.) were 
dissolved in dichloromethane (10 mL) and stirred shielded from light 
for 15 h at ambient temperature. Complex 117 (96 mg, 0.20 mmol, 
1.00 equiv.) was added, and the solution was stirred at ambient 
temperature for another 1 h shielded from light. The resulting suspension was filtered over a short 
plug of Celite and concentrated in vacuo. The solid residue was washed with diethyl ether 
(5 mL), and dried in vacuo. The product was obtained as a yellow solid (179 mg, 0.20 mmol, 
>99%). 1H NMR (300 MHz, CDCl3): δ 8.46–8.36 (m, 2 H, CH), 7.84–7.78 (m, 2 H, Ar-H), 7.49–
7.17 (m, 23 H, Ar-H), 6.83 (s, 4 H, Ar-H), 6.53, (s, 1 H, CH), 3.39 (s, 3 H, NCH3), 2.28 (s, 3 H, 
CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 189.7 (Ccarbene, bimy), 174.3 (Ccarbene, pyry), 144.0 
(C=N), 138.5, 138.4, 134.9, 130.6, 130.3, 130.0, 129.8, 128.8, 128.2, 122.4 (Ar-C), 116.2 (CH), 
114.3 (Ar-C), 68.1 (CH), 34.1 (NCH3), 12.2 (CH3). Anal. Calcd. for C44H38Br2N4Pd: C, 59.44; H, 
4.31; N, 6.30. Found: C, 60.28; H, 4.98; N, 6.01. MS (ESI) m/z 809 [M - Br]+. 
 
trans-Dibromido(IPr)(1-phenyl-2,3-dimethylpyrazolin-5-ylidene)palladium(II) (121). 
IPr·HBr (70 mg, 0.15 mmol, 1.00 equiv) and potassium tert-butoxide 
(17 mg, 0.15 mmol, 1.00 equiv) were dissolved in anhydrous THF (15 mL) 
and stirred for 30 min at ambient temperature under dry nitrogen 
atmosphere. Then complex 117 (72 mg, 0.15 mmol, 1.00 equiv.) was added, 
and stirring was continued for another 2 h. The solvent was removed in vacuo, and the solid 
residue was taken up in dichloromethane (20 mL) and filtered over a short plug of Celite. The 
solvent was removed in vacuo. The product was obtained as a yellow solid (124 mg, 0.15 mmol, 
>99%). 1H NMR (300 MHz, CDCl3): δ 7.50–7.42 (m, 2 H, Ar-H), 7.39–7.22 (m, 7 H, Ar-H), 
7.18–7.10 (m, 2 H, Ar-H), 6.94 (s, 2 H, HC=CH), 6.06 (s, 1 H, CH), 3.25 (s, 3 H, NCH3), 3.14 
(sept, 3JH-H = 7 Hz, 4 H, CH), 2.12 (s, 3 H, CH3), 1.39–1.24 (m, 12 H, CH3), 1.01 (d, 3JH-H = 7 
Hz, 12 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 179.4 (Ccarbene, IPr), 173.2 (Ccarbene, pyry), 
147.3 (Ar-C), 143.8 (C=N), 137.8, 136.8, 130.0, 129.6, 129.4, 129.2 (Ar-C), 124.7 (C-sp2), 124.3 
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for C38H48Br2N4Pd·CH2Cl2: C, 51.36; H, 5.53; N, 6.14. Found: C, 51.90; H, 5.82; N, 5.92. MS 
(ESI) m/z 747 [M - Br]+. 
 
trans-Dibromido(SIPr)(1-phenyl-2,3-dimethylpyrazolin-5-ylidene)palladium(II) (122). 
SIPr·HBr (71 mg, 0.15 mmol, 1.00 equiv.) and potassium tert-butoxide 
(26 mg, 0.23 mmol, 1.50 equiv.) were dissolved in anhydrous THF (15 mL) 
and stirred for 30 min at ambient temperature under dry nitrogen 
atmosphere. Then complex 117 (72 mg, 0.15 mmol, 1.00 equiv.) was added, 
and stirring was continued for another 2 h. The solvent was removed in vacuo, and the solid 
residue was taken up in dichloromethane (20 mL) and filtered over a short plug of Celite. The 
solvent was removed in vacuo. The product was obtained as a dark yellow solid (107 mg, 
0.13 mmol, 86%). 1H NMR (300 MHz, CDCl3): δ 7.42–7.28 (m, 5 H, Ar-H), 7.25–7.17 (m, 4 H, 
Ar-H), 7.11–7.03 (m, 2 H, Ar-H), 6.03 (s, 1 H, CH), 3.87 (s, 4 H, CH2), 3.55 (sept, 3JH-H = 7 Hz, 
4 H, CH), 3.23 (s, 3 H, NCH3), 2.10 (s, 3 H, CH3), 1.51–1.22 (m, 12 H, CH3), 1.16 (d, 3JH-H = 
7 Hz, 12 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 207.6 (Ccarbene, SIPr), 173.4 (Ccarbene, 
pyry), 148.3 (Ar-C), 143.7 (C=N), 137.7, 137.2, 129.7, 129.4, 129.2, 129.1, 124.8 (Ar-C), 116.1 
(CH), 54.4 (CH2), 34.1 (NCH3), 29.1 (CH), 27.4 (CH3), 25.0 (CH3), 12.6 (CH3). Anal. Calcd. for 
C38H50Br2N4Pd·CH2Cl2: C, 51.25; H, 5.73; N, 6.13. Found: C, 50.62; H, 5.82; N, 6.41. MS (ESI) 
m/z 749 [M - Br]+. 
 
trans-Dibromido(IMes)(1-phenyl-2,3-dimethylpyrazolin-5-ylidene)palladium(II) (123). 
IMes·HBr (58 mg, 0.15 mmol, 1.00 equiv.) and potassium tert-butoxide 
(17 mg, 0.15 mmol, 1.00 equiv.) were dissolved in anhydrous THF (15 mL) 
and stirred for 30 min at ambient temperature under dry nitrogen 
atmosphere. Then complex 117 (72 mg, 0.15 mmol, 1.00 equiv.) was added, 
and stirring was continued for another 2 h. The solvent was removed in vacuo, and the solid 
residue was taken up in dichloromethane (20 mL) and filtered over a short plug of Celite. The 
solvent was removed in vacuo. The product was obtained as a yellow solid (107 mg, 0.14 mmol, 
96%). 1H NMR (300 MHz, CDCl3): δ 7.51–7.38 (m, 3 H, Ar-H), 7.35–7.27 (m, 2 H, Ar-H), 6.97–
6.88 (m, 4 H, Ar-H), 6.83 (s, 2 H, HC=CH), 6.08 (s, 1 H, CH), 3.27 (s, 3 H, NCH3), 2.40 (s, 6 H, 
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(Ccarbene, IMes), 172.6 (Ccarbene, pyry), 143.5 (C=N), 137.9, 136.7, 129.7, 129.6, 129.6, 129.3 (Ar-
C), 123.5 (C(sp2)), 123.4 (Ar-C), 115.6 (CH), 34.0 (NCH3), 21.9 (CH3), 20.3 (CH3), 12.6 (CH3). 
Anal. Calcd. for C32H36Br2N4Pd: C, 51.74; H, 4.88; N, 7.54. Found: C, 51.62; H, 5.09; N, 7.24. 
MS (ESI) m/z 663 [M - Br]+. 
 
cis-Dibromido-bis(2,3-dimethyl-1-phenyl-1H-pyrazolin-5-ylidene)palladium(II) (124). 
Pyrazolium salt 109 (52 mg, 0.20 mmol, 1.00 equiv.), silver(I) oxide (23 mg, 
0.10 mmol, 0.50 equiv.) and tetrabutylammonium bromide (64 mg, 
0.10 mmol, 1.00 equiv.) were suspended in dichloromethane (10 mL) and 
stirred at ambient temperature for 15 h shielded from light. Complex 117 
(96 mg, 0.20 mmol, 1.00 equiv.) was added and stirring was continued for 2 
h. Then, the solution was filtered over a short plug of Celite and concentrated in vacuo. The 
residue was washed with a mixture of diethyl ether and dichloromethane (3:1, 5 mL). The 
product was obtained as a yellow solid (113 mg, 0.19 mmol, 93%). 1H NMR (300 MHz, 
CD2Cl2): δ 7.58–7.52 (m, 6 H, Ar-H), 7.50–7.44 (m, 4 H, Ar-H), 6.29 (s, 2 H, CH), 3.39 (s, 6 H, 
NCH3), 2.30 (s, 6 H, CH3). 13C{1H} NMR (75 MHz, DMSO-d6): δ 181.8 (Ccarbene), 136.7 (C=N), 
130.2, 129.3, 128.9, 128.3 (Ar-C), 79.2 (CH), 34.5 (NCH3), 11.4 (CH3). Anal. Calcd. for 
C22H24Br2N4Pd·CH2Cl2: C, 39.71; H, 3.77; N, 8.05. Found: C, 41.20; H, 4.37; N, 7.68. MS (ESI) 
m/z 531 [M - Br]+. 
 
2,3-dihydro-1H-pyrazolo[1,2-a]indazolium bromide (131). 
Sodium hydroxide (1.20 g, 30.0 mmol, 1.50 equiv.) was added to a solution of 
indazole (2.36 g, 20.0 mmol, 1.00 equiv.) in acetonitrile (250 mL). After stirring 
for 30 min at ambient temperature, 1,3-dibromopropane (2.84 mL, 28.0 mmol, 
1.40 equiv.) was added. The reaction mixture was stirred at ambient temperature for 6 h, and then 
the temperature was increased to 90 °C for 15 h. The mixture was allowed to cool to ambient 
temperature, and the solvent was distilled under reduced pressure. The residue was taken up in 
dichloromethane (150 mL), and the resulting suspension was filtered. The solvent was removed 
in vacuo to yield an off-white solid (4.18 g, 17.5 mmol, 88%). 1H NMR (300 MHz, CDCl3): δ 
9.55 (s, 1 H, NCH), 7.96 (d, 3JH-H = 9 Hz, 1 H, Ar-H), 7.78–7.71 (m, 1 H, Ar-H), 7.69–7.62 (m, 
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2 H, NCH2), 3.22 (quint, 3JH-H = 8 Hz, 2 H, CH2). 13C{1H} NMR (75 MHz, CDCl3): δ 136.4 
(Ar-C), 133.5 (NCH), 128.5, 125.8, 125.0, 124.2, 111.6 (Ar-C), 51.1 (NCH2), 47.7 (NCH2), 28.3 
(CH2). Because of the hygroscopic nature of 131, an elemental analysis could not be obtained. 
ESI (MS) m/z 159 [M - Br]+. 
 
di-µ-Bromido-bis(indy-5)dibromidodipalladium(II) (133). 
Indazolium salt 131 (475 mg, 2.00 mmol, 1.10 equiv.), palladium(II) 
acetate (405 mg, 1.80 mmol, 1.00 equiv.) and sodium bromide 
(740 mg, 7.20 mmol, 4.00 equiv.) were dissolved in DMSO (30 mL) 
and the mixture was heated to 70 °C for 24 h. Then the solvent was 
distilled off under reduced pressure. The residue was taken up in 
dichloromethane (100 mL) and the resulting suspension was 
extracted with water (3 × 50 mL), dried over Na2SO4, filtered and concentrated in vacuo. The 
solid residue was washed with diethyl ether (100 mL) and dried in vacuo. The product was 
obtained as an orange solid (764 mg, 0.90 mmol, >99%). 1H NMR (500 MHz, CD3CN): δ 8.17 
(d, 3JH-H = 8 Hz, 2 H, Ar-H), 7.67–7.63 (m, 2 H, Ar-H), 7.43 (d, 3JH-H = 9 Hz, 2 H, Ar-H), 7.30 (t, 
3JH-H = 8 Hz, 2 H, Ar-H), 4.77 (t, 3JH-H = 7 Hz, 4 H, NCH2), 4.45 (t, 3JH-H = 7 Hz, 4 H, NCH2), 
2.96 (quint, 3JH-H = 7 Hz, 4 H, CH2). 13C{1H} NMR (75 MHz, CD3CN): δ 141.0 (CCarbene), 136.3, 
133.8, 131.8, 128.6, 122.4, 110.6 (Ar-C), 50.2 (NCH2), 46.2 (NCH2), 27.6 (CH2). Anal. Calcd. 
for C20H20N4Br4Pd2: C, 28.30; H, 2.37; N, 6.60. Found: C, 28.02; H, 2.22; N, 6.82. ESI (MS) m/z 
427 [0.5 M + H]+, 812 [M - Br + CH3CN]+. 
 
trans-Dibromido(indy-5)(pyridine)palladium(II) (135). 
Pyridine (0.25 mL) was added to dimer 133 (100 mg, 0.12 mmol) in 
dichloromethane (25 mL) and the resulting solution was stirred at ambient 
temperature for 1 h. The reaction mixture was filtered and the filtrate was 
dried in vacuo. The solid residue was washed repeatedly with diethyl ether 
(2 × 10 mL) and dried in vacuo to afford a pale yellow solid (115 mg, 0.23 mmol, 95%). 1H 
NMR (300 MHz, CDCl3): δ 9.15–9.05 (m, 2 H, Ar-H), 8.44 (d, 1 H, 3JH-H = 8 Hz, Ar-H), 7.79–
7.18 (m, 1 H, Ar-H), 7.60–7.53 (m, 1 H, Ar-H), 7.40–7.28 (m, 3 H, Ar-H), 7.24–7.18 (m, 1 H, 
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7 Hz, 2 H, CH2). 13C{1H} NMR (75 MHz, CDCl3): δ 153.3 (Ar-C), 145.7 (Ccarbene), 138.4, 136.4, 
135.0, 132.0, 130.0, 125.1, 122.8, 109.5 (Ar-C), 49.6 (NCH2), 45.6 (NCH2), 27.7 (CH2). Anal. 
Calcd. for C15H15Br2N3Pd: C, 35.78; H, 3.00; N, 8.35. Found: C, 35.50; H, 3.06; N, 7.99. ESI 
(MS) m/z 456 [M - Br + MeOH]+, 503 [M - Br + py]+. 
 
cis-Dibromido(indy-5)(triphenylphosphine)palladium(II) (136). 
Triphenylphosphine (37 mg, 0.14 mmol, 1.00 equiv.) was added to 133 (60 mg, 
0.07 mmol, 0.50 equiv.) in dichloromethane (15 mL) and the reaction mixture 
was stirred at ambient temperature for 2 h. The resulting suspension was filtered 
and the filtrate was dried under reduced pressure. The solid residue was washed 
with hexane (10 mL) and diethyl ether (10 mL) and dried in vacuo to give a pale yellow solid (92 
mg, 0.13 mmol, 96%). 1H and 13C{1H} NMR spectra could not be measured due to poor 
solubility. Anal. Calcd. for C28H25Br2N2PPd: C, 48.97; H, 3.67; N, 4.08. Found: C, 48.62; H, 
3.99; N, 4.00. ESI (MS) m/z 607 [M – Br]+. 
 
cis-Ditrifluoroacetato(indy-5)(triphenylphosphine)palladium(II) (137). 
Complex 136 (44 mg, 0.06 mmol, 1.00 equiv.) and silver(I) 
trifluoroacetate (31 mg, 0.14 mmol, 2.30 equiv.) were suspended in 
acetonitrile (15 mL) and stirred at ambient temperature for 15 h shielded 
from light. The resulting suspension was filtered, and the filtrate was 
concentrated under reduced pressure. The yellow residue was redissolved 
in dichloromethane (5 mL), and the crude product was precipitated out by addition of diethyl 
ether (20 mL). The solid was isolated, washed with diethyl ether (3 × 20 mL) and dried in vacuo 
to afford a pale yellow solid (36 mg, 0.05 mmol, 80%). 1H NMR (300 MHz, CD2Cl2): δ 8.12 (d, 
1 H, Ar-H), 7.60–7.41 (m, 10 H, Ar-H), 7.39–7.28 (m, 6 H, Ar-H), 7.24–7.13 (m, 2 H, Ar-H), 
5.17–5.04 (m, 1 H, NCH2), 4.26–4.09 (m, 1 H, NCH2), 3.99–3.84 (m, 1 H, NCH2), 3.75–3.58 (m, 
1 H, NCH2), 2.85–2.67 (m, 1 H, CH2), 2.38–2.19 (m, 1 H, CH2). 13C{1H} NMR (75 MHz, 
CD2Cl2): δ 149.2 (d, 2JP-C = 10 Hz, Ccarbene), 135.9 (Ar-C), 134.3 (d, 2JP-C = 11 Hz, Ar-C), 132.7 
(d, 1JP-C = 2 Hz, Ar-C), 132.1 (Ar-C), 132.0 (d, 4JC-P = 3 Hz, Ar-C), 128.9 (d, 3JP-C = 12 Hz, Ar-
C), 128.2, 127.4, 127.1, 123.0, 109.5 (Ar-C), 48.9 (NCH2), 45.5 (NCH2), 27.0 (CH2), 
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NMR (122 MHz, CD2Cl2): δ 27.9 (PPh3). Anal. Calcd. for C32H25F6N2O4PPd·1/3CH2Cl2: C, 
49.71; H, 3.31; N, 3.59. Found: C, 49.79; H, 3.50; N, 3.36. ESI (MS) m/z 639 [M - O2CCF3]+. 
 
trans-Bromido(indy-5)bis(triphenylphosphine)palladium(II) tetrafluoroborate (138). 
Triphenylphosphine (139 mg, 0.53 mmol, 2.20 equiv.) and sodium 
tetrafluoroborate (29 mg, 0.26 mmol, 1.10 equiv.) were added to 133 
(100 mg, 0.12 mmol, 0.50 equiv.) in dichloromethane (25 mL). The 
reaction mixture was stirred at ambient temperature for 15 h. The 
resulting suspension was filtered over a short plug of Celite, and the 
filtrate was dried under reduced pressure. The solid residue was washed with hexane (2 × 10 mL) 
and dried in vacuo to afford a pale yellow solid (168 mg, 0.17 mmol, 70%). 1H NMR (500 MHz, 
CD3CN): δ 7.74 (d, JH-H = 8 Hz, 1 H, Ar-H), 7.56–7.50 (m, 12 H, Ar-H), 7.49–7.44 (m, 7 H, Ar-
H), 7.38–7.32 (m, 12 H, Ar-H), 7.10–7.02 (m, 2 H, Ar-H), 3.80–3.72 (m, 4 H, NCH2), 2.29 
(quint, 3JH-H = 7 Hz, 2 H, CH2). 13C{1H} NMR (125 MHz, CD3CN): δ 156.4 (d, 2JP-C = 10 Hz, 
Ccarbene), 136.6 (Ar-C), 135.2 (t, JC-P = 6 Hz, Ar-C), 132.8, 132.7, 132.4 (Ar-C), 130.4 (t, JC-P = 25 
Hz, Ar-C), 129.6 (t, JC-P = 5 Hz, Ar-C), 126.2, 123.6, 111.1 (Ar-C), 49.2 (NCH2), 46.2 (NCH2), 
27.0 (CH2). 19F{1H} NMR (282 MHz, CD3CN): δ -75.5 (BF4), -75.6 (BF4). 31P{1H} NMR (202 
MHz, CD3CN): δ 23.2 (PPh3). Anal. Calcd. for C46H40BBrF4N2P2Pd·0.5CH2Cl2: C, 55.94; H, 
4.14; N, 2.81. Found: C, 56.10; H, 4.54; N, 3.14. ESI (MS) m/z 869 [M - BF4]+. 
 
cis-Bromido(indy-5)(dppe)palladium(II) tetrafluoroborate (139). 
1,2-Bis(diphenylphosphino)ethane (104 mg, 0.26 mmol, 1.1 
equiv.) and sodium tetrafluoroborate (29 mg, 0.26 mmol, 1.10 
equiv) were added to 133 (100 mg, 0.12 mmol, 0.50 equiv.) in 
dichloromethane (25 mL). The reaction mixture was stirred at 
ambient temperature for 15 h. The resulting suspension was filtered 
over a short plug of Celite, and the filtrate was dried under reduced pressure. The solid residue 
was washed with hexane (2 × 10 mL) and dried in vacuo to afford a yellow solid (199 mg, 0.24 
mmol, >99%). 1H NMR (500 MHz, CD3CN): δ 8.02–7.89 (m, 4 H, Ar-H), 7.81 (d, JH-H = 8 Hz, 1 
H, Ar-H), 7.74–7.45 (m, 11 H, Ar-H), 7.43–7.33 (m, 5 H, Ar-H), 7.15 (dd, JH-H = 8 H, JH-H = 12 
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NCH2), 4.21–4.14 (m, 1 H, NCH2), 3.58–3.50 (m, 1 H, NCH2), 2.84–2.67 (m, 4 H, CH2), 2.43–
2.26 (m, 2 H, CH2). 13C{1H} NMR (125 MHz, CD3CN): δ 163.5 (d, 2JC-P = 145 Hz, Ccarbene), 
136.9 (d, JC-P = 4 Hz, Ar-C), 135.0 (d, JC-P = 11 Hz, Ar-C), 134.9 (d, JC-P = 12 Hz, Ar-C), 134.6 
(d, JC-P = 11 Hz, Ar-C), 133.8 (d, JC-P = 3 Hz, Ar-C), 133.4 (d, JC-P = 3 Hz, Ar-C), 133.0 (d, JC-P = 
11 Hz, Ar-C), 132.1 (Ar-C), 130.4, 130.4 (d, JC-P = 3 Hz, Ar-C), 130.3 (d, JC-P = 4 Hz, Ar-C), 
130.2 (Ar-C), 130.2 (d, JC-P = 3 Hz, Ar-C), 130.1, 129.7, 129.6, 129.1, 129.0, 128.5, 127.8, 122.9, 
111.0 (Ar-C), 49.6 (NCH2), 46.0 (NCH2), 29.9 (dd, 2JC-P = 17 Hz, 1JC-P = 34 Hz, PCH2), 27.6 
(CH2), 25.3 (dd, 2JC-P = 12 Hz, 1JC-P = 31 Hz, PCH2). 19F{1H} NMR (282 MHz, CD3CN): δ –75.5 
(BF4), –75.5 (BF4). 31P{1H} NMR (202 MHz, CD3CN): δ  61.1 (d, 2JP-P = 15 Hz), 50.7 (d, 2JP-P = 
15 Hz). Anal. Calcd. for C36H34BBrF4N2P2Pd: C, 52.11; H, 4.13; N, 3.38. Found: C, 52.05; H, 
4.13; N, 3.00. ESI (MS) m/z 743 [M - BF4]+. 
 
cis-Bromido(indy-5)(dppp)palladium(II) tetrafluoroborate (140). 
1,3-Bis(diphenylphosphino)propane (107 mg, 0.26 mmol, 1.10 
equiv.) and sodium tetrafluoroborate (29 mg, 0.26 mmol, 1.10 
equiv.) were added to 133 (100 mg, 0.12 mmol, 0.50 equiv) in 
dichloromethane (25 mL). The reaction mixture was stirred at 
ambient temperature for 15 h. The resulting suspension was filtered 
over a short plug of Celite, and the filtrate was dried under reduced pressure. The solid residue 
was washed with hexane (2 × 20 mL) and dried in vacuo to afford a pale orange solid (145 mg, 
0.17 mmol, 72%). 1H NMR (500 MHz, CD3CN): δ 7.98–7.92 (m, 2 H, Ar-H), 7.88 (d, 3JH-H = 9 
Hz, 1 H, Ar-H), 7.75–7.69 (m, 2 H, Ar-H), 7.66–7.56 (m, 3 H, Ar-H), 7.55–7.45 (m, 6 H, Ar-H), 
7.39–7.34 (m, 1 H, Ar-H), 7.32–7.27 (m, 1 H, Ar-H), 7.24 (d, 3JH-H = 9 Hz, 1 H, Ar-H), 7.16–
7.03 (m, 7 H, Ar-H), 4.48–4.41 (m, 1 H, NCH2), 4.24–4.18 (m, 1 H, NCH2), 4.06–4.00 (m, 1 H, 
NCH2), 3.99–3.93 (m, 1 H, NCH2), 2.95–2.87 (m, 1 H, CH2), 2.81–2.60 (m, 4 H, CH2), 2.54–2.44 
(m, 2 H, CH2), 1.79–1.67 (m, 1 H, CH2). 13C{1H} NMR (125 MHz, CD3CN): δ 161.8 (dd, 2JC-P = 
4 Hz, 2JC-P = 148 Hz, Ccarbene), 136.7 (d, JC-P = 4 Hz, Ar-C), 134.7 (d, JC-P = 10 Hz, Ar-C), 134.6 
(d, JC-P = 12 Hz, Ar-C), 134.3 (d, JC-P = 11 Hz, Ar-C), 132.9 (d, JC-P = 3 Hz, Ar-C), 132.8 (d, JC-P 
= 10 Hz, Ar-C), 132.4 (d, JC-P = 2 Hz, Ar-C), 132.3 (d, JC-P = 3 Hz, Ar-C), 132.2, 132.1 (Ar-C), 
131.9 (d, JC-P = 2 Hz, Ar-C), 131.8, 131.5, 131.1, 130.3, 130.1, 130.0, 129.9 129.7, 129.7 (Ar-C), 
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(NCH2), 45.9 (NCH2), 27.5 (CH2), 25.8 (dd, 3JC-P = 7 Hz, 1JC-P = 30 Hz, PCH2), 24.9 (dd, 3JC-P = 
7 Hz, 1JC-P = 28 Hz, PCH2), 19.2 (CH2). 19F{1H} NMR (282 MHz, CD3CN): δ -75.5 (BF4), -75.5 
(BF4). 31P{1H} NMR (202 MHz, CD3CN): δ 13.3 (d, 2JP-P = 42 Hz), -4.0 (d, 2JP-P = 42 Hz). Anal. 
Calcd. for C37H36BBrF4N2P2Pd: C, 52.67; H, 4.30; N, 3.32. Found: C, 52.58; H, 4.31; N, 3.00. 
ESI (MS) m/z 757 [M - BF4]+. 
 
1-Phenylpyrrolidine (166). 
Complex trans-[PdCl2(IPr)(pyridine)] (59 mg, 0.08 mmol, 4 mol%) was 
dissolved in anhydrous THF (5 mL) under an atmosphere of dry nitrogen. 
Chlorobenzene (203 µL, 2.00 mmol, 1.00 equiv.), potassium tert-butoxide (337 mg, 3.00 mol, 
1.50 equiv.), and pyrrolidine (246 µL, 3.00 mmol, 1.50 equiv.) were added, and the mixture was 
heated to 50 °C for 2 h. Then the solution was diluted with diethyl ether (10 mL), filtered over a 
short plug of Celite, and concentrated under reduced pressure. The residue was purified by 
column chromatography (silica, pentane + 10 % diethyl ether). A colorless liquid was obtained 
(210 mg, 1.43 mmol, 71%). 1H NMR (300 MHz, CDCl3): δ 7.37–7.27 (m, 2 H, Ar-H), 6.80–6.70 
(m, 1 H, Ar-H), 6.69–6.61 (m, 2 H, Ar-H), 3.43–3.28 (m, 4 H, NCH2), 2.15–2.00 (m, 4 H, CH2). 
The analytical data was in accordance with reported values.162h 
 
2-Phenylindazole (179). 
Copper(I) iodide (29 mg, 0.15 mmol, 0.10 equiv.), 2-bromobenzaldehyde 
(175 µL, 1.50 mmol, 1.00 equiv.), sodium azide (195 mg, 3.00 mmol, 
2.00 equiv.), tetramethylethylenediamine (22 µL, 0.15 mmol, 0.10 equiv.), and aniline (164 µL, 
1.80 mmol, 1.20 equiv.) were dissolved in DMSO (5 mL) and heated to 120 °C for 16 h under an 
atmosphere of dry nitrogen. After this time, the reaction mixture was allowed to cool to ambient 
temperature, and poured into a mixture of ethyl acetate and hexane (160 mL, 2:1). The resulting 
solution was washed with water (3 × 40 mL). The organic layer was dried over sodium sulfate, 
filtered and concentrated under reduced pressure. The residue was purified by column 
chromatography (silica, hexane/ethyl acetate 10:1). A slowly solidifying orange oil was obtained 
(185 mg, 0.95 mmol, 64%). 1H NMR (300 MHz, CDCl3): δ 8.46 (s, 1 H, Ar-H), 7.96 (d, JH-H = 
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= 8 Hz, 2 H, Ar-H), 7.45 (t, JH-H = 7 Hz, 1 H, Ar-H), 7.41–7.34 (m, 1 H, Ar-H), 7.20–7.13 (m, 1 
H, Ar-H). The analytical data was in accordance with reported values.166 
 
2-(2-Pyridyl)indazole (181). 
Copper(I) iodide (29 mg, 0.15 mmol, 0.10 equiv.), 2-bromobenzaldehyde 
(175 µL, 1.50 mmol, 1.00 equiv.), sodium azide (195 mg, 3.00 mmol, 
2.00 equiv.), tetramethylethylenediamine (22 µL, 0.15 mmol, 0.10 equiv.), and 2-aminopyridine 
(169 mg, 1.80 mmol, 1.20 equiv.) were dissolved in DMSO (5 mL) and heated to 120 °C for 16 h 
under an atmosphere of dry nitrogen. After this time, the reaction mixture was allowed to cool to 
ambient temperature, and poured into a mixture of ethyl acetate and hexane (100 mL, 1:1). The 
resulting solution was washed with water (3 × 40 mL). The organic layer was dried over sodium 
sulfate, filtered and concentrated under reduced pressure. The residue was purified by column 
chromatography (silica, hexane + 5% ethyl acetate). A yellow solid was obtained (54 mg, 
0.28 mmol, 64%). 1H NMR (300 MHz, CDCl3): δ 9.16 (s, 1 H, Ar-H), 8.54 (s, br, 1 H, Ar-H), 
8.35 (d, JH-H = 8 Hz, 1 H, Ar-H), 7.97–7.87 (m, 1 H, Ar-H), 7.85–7.73 (m, 2 H, Ar-H), 7.41–7.28 




Copper(I) iodide (29 mg, 0.15 mmol, 0.10 equiv.), 2-bromobenzaldehyde 
(175 µL, 1.50 mmol, 1.00 equiv.), sodium azide (195 mg, 3.00 mmol, 
2.00 equiv.), tetramethylethylenediamine (22 µL, 0.15 mmol, 
0.10 equiv.), and 1-adamantylamine (272 mg, 1.80 mmol, 1.20 equiv.) were dissolved in DMSO 
(5 mL) and heated to 120 °C for 16 h under an atmosphere of dry nitrogen. After this time, the 
reaction mixture was allowed to cool to ambient temperature, and poured into a mixture of 
hexane and ethyl acetate (100 mL, 2:1). The resulting solution was washed with water (3 × 
40 mL). The organic layer was dried over sodium sulfate, filtered and concentrated under reduced 
pressure. The residue was purified by column chromatography (silica, hexane → hexane + 5% 
ethyl acetate). An off-white solid was obtained (151 mg, 0.60 mmol, 40%). 1H NMR (300 MHz, 
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7.33–7.26 (m, 1 H, Ar-H), 7.11–7.03 (m, 1 H, Ar-H), 2.38–2.23 (m, 9 H, adamantyl), 1.84–1.79 
(m, 1 H, adamantyl). The analytical data was in accordance with reported values.166 
 
1-Methyl-2-cyclohexylindazolium triflate (187). 
Copper(I) iodide (191 mg, 1.00 mmol, 0.10 equiv.), 2-bromobenzaldehyde 
(1.16 mL, 10.0 mmol, 1.00 equiv.), sodium azide (1.30 g, 20.0 mmol, 
2.00 equiv.), tetramethylethylenediamine (149 µL, 1.00 mmol, 
0.10 equiv.) and cyclohexylamine (1.38 mL, 12.0 mmol, 1.20 equiv) were dissolved in DMSO 
(40 mL) and heated to 120 °C for 6 h. After this time, the solvent was distilled off and the residue 
was taken up in ethyl acetate (100 mL). The resulting suspension was filtered and concentrated 
under reduced pressure. The residue was passed over a column of silica gel using hexane + 5% 
ethyl acetate as eluent. After evaporation of the solvent, 800 mg of an oily residue were obtained, 
which was taken up anhydrous dichloromethane (40 mL). Methyl triflate (873 µL, 7.98 mmol, 
2.00 equiv with respect to the intermediate) was added and the mixture was heated to 40 °C for 
24 h under an atmosphere of dry nitrogen. Then the solvent was evaporated and the residue was 
washed with diethyl ether (2 × 25 mL). The product was obtained as a pale orange solid solid 
(1.18 g, 3.24 mmol, 32%). 1H NMR (300 MHz, CDCl3): δ 9.02 (s, 1 H, NCH), 7.99 (d, 3JH-H = 
8 Hz, 1 H, Ar-H), 7.74 (t, 3JH-H = 7 Hz, 1 H, Ar-H), 7.63 (d, 3JH-H = 9 Hz, 1 H, Ar-H), 7.38 (d, 
3JH-H = 8 Hz, 1 H, Ar-H), 4.93–4.74 (m, 1 H, NCH), 4.31 (s, 3 H, NCH3), 2.36–2.21 (m, 2 H, 
CH2), 1.98–1.71 (m, 5 H, CH2), 1.70–1.52 (m, 2 H, CH2), 1.39–1.22 (m, 1 H, CH2). 13C{1H} 
NMR (75 MHz, CDCl3): δ 141.4 (NCH), 134.4, 130.9, 126.1, 124.1, 120.4, 111.1 (Ar-C), 61.9 
(NCH), 34.5 (NCH3), 33.8 (CH2), 25.6 (CH2), 25.2 (CH2). 19F{1H} NMR (282 MHz, CDCl3): δ -
2.42. Anal. Calcd. for C15H19F3N2O3S: C, 49.44; H, 5.26; N, 7.69. Found: C, 49.24; H, 4.91; N, 
7.41. ESI (MS) m/z 215 [M - Br]+. 
 
trans-Dibromido(1,3-diisopropylbenzimidazolin-2-ylidene)(indy-Cy)palladium(II) (188). 
Indazolium salt 187 (182 mg, 0.50 mmol, 1.00 equiv.), silver(I) oxide 
(58 mg, 0.25 mmol, 0.50 equiv.) and tetrabutylammonium bromide 
(161 mg, 0.50 mmol, 1.00 equiv.) were stirred in dichloromethane 
(30 mL) for 15 h at ambient temperature shielded from light. 
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stirring was continued for 1 h. Then the resulting suspension was filtered over a short plug of 
Celite and the solvent was removed under reduced pressure. The residue was washed with 
methanol (10 mL) and diethyl ether (3 × 15 mL), and dried in vacuo. The product was obtained 
as a yellow solid (265 mg, 0.39 mmol, 78%). 1H NMR (300 MHz, CDCl3): δ 8.55 (d, 3JH-H = 
8 Hz, 1 H, Ar-H), 7.63–7.52 (m, 3 H, Ar-H), 7.34–7.28 (m, 1 H, Ar-H), 7.23–7:15 (m, 3 H, Ar-
H), 6.47 (sept, 3JH-H = 7 Hz, 2 H, NCH2), 5.32–5.27 (m, 1 H, NCH), 3.90 (s, 3 H, NCH3), 3.04–
2.87 (m, 2 H, CH2), 2.53–2.42 (m, 2 H, CH2), 2.17–2.06 (m, 2 H, CH2), 1.92 (d, 3JH-H = 7 Hz, 
6 H, CH3), 1.85 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.67–1.43 (m, 1 H, CH2). 13C{1H} NMR (75 MHz, 
CDCl3): δ 181.6 (Ccarbene, bimy), 177.8 (Ccarbene, indy) 141.9, 134.5, 134.1, 132.0, 131.2, 130.5, 
122.7, 122.5, 113.3, 113.1, 109.3 (Ar-C), 64.6 (NCH), 54.5 (NCH), 54.5 (NCH), 35.4 (NCH3), 
34.1 (CH2), 30.3 (CH2), 27.1 (CH2), 26.1 (CH2), 22.0 (CH3), 21.6 (CH3). Anal. Calcd. for 
C27H36Br2N4Pd: C, 47.49; H, 5.31; N, 8.21. Found: C, 47.43; H, 5.44; N, 7.76. ESI (MS) m/z 603 
[M - Br]+. 
 
di-µ-Bromido-bis(indy-Cy)dibromidodipalladium(II) (189). 
Indazolium salt 187 (182 mg, 0.50 mmol, 1.00 equiv.), silver(I) 
oxide (58 mg, 0.25 mmol, 0.50 equiv.) and tetrabutylammonium 
bromide (161 mg, 0.50 mmol, 1.00 equiv.) were stirred in 
dichloromethane (30 mL) for 15 h at ambient temperature shielded 
from light. Then the solution was filtered over a short pad of Celite. 
A solution of [PdBr2(acetonitrile)2] was prepared by dissolving palladium(II) bromide (133 mg, 
0.50 mmol, 1.00 equiv.) in acetonitrile (10 mL). Both solutions were combined and stirred for 1 h 
at ambient temperature. Then the mixture was filtered over a short pad of Celite, concentrated 
under reduced pressure, and the residue was washed with methanol (15 mL) and diethyl ether (2 
× 20 mL). A yellow solid was obtained (170 mg, 0.18 mmol, 71%). 1H NMR (500 MHz, DMSO-
d6): δ 8.30–8.17 (m, 2 H, Ar-H), 7.78–7.60 (m, 4 H, Ar-H), 7.39–7.29 (m, 2 H, Ar-H), 5.29–5.11 
(m, 2 H, NCH), 4.14 (s. 6 H, NCH3), 2.98–2.74 (m, 2 H, CH2), 2.31–2.14 (m, 4 H, CH2), 2.14–
1.86 (m, 4 H, CH2), 1.85–1.72 (m, 2 H, CH2), 1.71–1.48 (m, 4 H, CH2), 1.44–1.25 (m, 2 H, CH2), 
two CH2 protons not observed due to overlap with the water signal. 13C{1H} NMR (125 MHz, 
DMSO-d6): δ 157.0 (Ccarbene), 149.7, 140.3, 132.1, 128.9, 122.5, 110.6 (Ar-C), 63.0 (NCH), 35.3 









7. Experimental Section 
 
 208
3.78; N, 5.83. Found: C, 34.45; H, 3.89; N, 5.55. ESI (MS) m/z 479 [½ M-Br+DMSO]+, 557 [½ 
M - Br + 2 DMSO]+. 
 
1-Isobutyl-3-(2-bromoethyl)-benzimidazolium bromide (200). 
1-Isobutylbenzimidazole (197) (8.00 g, 46.0 mmol) was dissolved in 1,2-
dibromoethane (50 mL) and heated to 85 °C for 15 h. Then the volatiles were 
distilled off under reduced pressure, and the solid residue was extracted with 
dichloromethane (150 mL). The resulting suspension was filtered, and the 
solvent of the filtrate was evaporated. The residue was washed with acetone 
(50 mL). An off-white solid was obtained (8.52 g, 23.5 mmol, 51%). 1H NMR (300 MHz, 
CDCl3): δ 11.14 (s, 1 H, NCHN), 8.00–7.91 (m, 1 H, Ar-H), 7.76–7.60 (m 3 H, Ar-H), 5.25 (t, 
3JH-H = 6 Hz, 2 H, NCH2), 4.41 (d, 3JH-H = 7 Hz, 2 H, NCH2), 4.07 (t, 3JH-H = 6 Hz, 2 H, CH2Br), 
2.41 (sept, 3JH-H = 7 Hz, 1 H, CH), 1.03 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, 
CDCl3): δ 143.8 (NCHN), 132.0, 131.9, 128.1, 128.0, 114.3, 113.8 (Ar-C), 55.2 (NCH2), 49.4 
(NCH2), 30.9 (CH), 29.5 (CH2Br), 20.5 (CH3). Anal. Calcd. for C13H18Br2N2·H2O: C, 41.08; H, 
5.30; N, 7.37. Found: C, 40.77; H, 4.98; N, 7.66. MS (ESI) m/z 281 [M - Br]+. 
 
1-Benzhydryl-3-(2-bromoethyl)-benzimidazolium bromide (201). 
Benzimidazolium salt 201 was prepared in analogy to salt 200 from 1-
benzhydrylbenzimidazole (198) (1.80 g, 6.34 mmol) and 1,2-dibromoethane 
(10 mL). A white solid was obtained (1.09 g, 2.31 mmol, 37%). 1H NMR 
(300 MHz, CDCl3): δ 10.21 (s, 1 H, NCHN), 7.96 (d, 3JH-H = 8 Hz, 2 H, Ar-
H), 7.62 (t, 3JH-H = 8 Hz, 1 H, Ar-H), 7.49–7.33 (m, 12 H, Ar-H), 7.21 (s, 1 
H, NCHPh2), 5.28 (t, 3JH-H = 5 Hz, 2 H, NCH2), 4.00 (t, 3JH-H = 5 Hz, 2 H, CH2Br). 13C{1H} 
NMR (75 MHz, DMSO-d6): δ 143.7 (NCHN), 136.2, 132.0, 131.1, 129.5, 129.5, 128.8, 127.3, 
114.0 (Ar-C), 65.3 (NCHPh2), 48.6 (NCH2), 31.4 (CH2Br). Anal. Calcd. for C22H20Br2N2: C, 
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1-Isobutyl-3-(3-bromopropyl)-benzimidazolium bromide (203). 
1-Isobutylbenzimidazole (197) (8.00 g, 46.0 mmol) was dissolved in 1,3-
dibromopropane (50 mL) and heated to 85 °C for 15 h. Then the volatiles 
were distilled off under reduced pressure, and the solid residue was extracted 
with dichloromethane (150 mL). The resulting suspension was filtered, and 
the solvent of the filtrate was evaporated. The residue was washed with 
acetone (50 mL) to yield a white solid (8.57 g, 22.8 mmol, 50%). 1H NMR 
(300 MHz, CDCl3): δ 11.25 (s, 1 H, NCHN), 7.88–7.83 (m, 1 H, Ar-H), 7.74–7.63 (m 3 H, Ar-
H), 4.90 (t, 3JH-H = 7 Hz, 2 H, NCH2), 4.41 (d, 3JH-H = 7 Hz, 2 H, NCH2), 3.56 (t, 3JH-H = 6 Hz, 2 
H, CH2Br), 2.71 (tt, 3JH-H = 6 Hz, 3JH-H = 7 Hz, 2 H, CH2), 2.41 (sept, 3JH-H = 7 Hz, 1 H, CH), 
1.01 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 143.7 (NCHN), 132.1, 
132.0, 128.0, 127.9, 113.9, 113.8 (Ar-C), 55.2 (NCH2), 46.5 (NCH2), 32.8 (CH2), 30.4 (CH2), 
29.6 (CH2Br), 20.6 (CH3). Anal. Calcd. for C14H20Br2N2·CH2Cl2: C, 43.07; H, 5.20; N, 7.05. 
Found: C, 42.76; H, 5.15; N, 7.45. MS (ESI) m/z 295 [M - Br]+. 
 
1-Benzhydryl-3-(3-bromopropyl)-benzimidazolium bromide (204). 
Benzimidazolium salt 204 was prepared in analogy to salt 203 from 1-
benzhydrylbenzimidazole (198) (1.80 g, 6.34 mmol) and 1,3-
dibromopropane (10 mL). A white solid was obtained (1.74 g, 3.58 mmol, 
57%). 1H NMR (300 MHz, CDCl3): δ 10.82 (s, 1 H, NCHN), 7.86 (d, 3JH-H = 
8 Hz, 1 H, Ar-H), 7.68–7.59 (m, 1 H, Ar-H), 7.51–7.27 (m, 12 H, Ar-H) 7.30 
(s, 1 H, NCHPh2), 4.95 (t, 3JH-H = 7 Hz, 2 H, NCH2), 3.58 (t, 3JH-H = 6 Hz, 2 
H, CH2Br), 2.77–2.65 (m, 2 H, CH2). 13C{1H} NMR (75 MHz, CDCl3): δ 143.6 (NCHN), 135.9, 
135.7, 132.6, 130.2, 130.1, 129.1, 128.1, 127.9, 115.7, 114.0 (Ar-C), 67.6 (NCHPh2), 47.0 
(NCH2), 32.6 (CH2Br), 30.5 (CH2). Anal. Calcd. for C23H22Br2N2: C, 56.81; H, 4.56; N, 5.76. 
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1-Benzyl-3-(2-(isopropylthio)ethyl)-benzimidazolium bromide (205). 
2-Mercaptopropane (351 µL, 3.78 mmol, 1.50 equiv.) was dissolved in 
degassed acetonitrile (30 mL). Sodium hydroxide (151 mg, 3.78 mmol, 
1.50 equiv.) in water (1 mL) was added, and the resulting mixture was 
stirred for 30 min at ambient temperature. Then, salt 199 (1.00 g, 
2.52 mmol, 1.00 equiv.) was added, and stirring was continued for 15 h at 
ambient temperature. After this time, the volatiles were removed under 
reduced pressure. The solid residue was suspended in dichloromethane (10 mL) and filtered. The 
solvent was removed under reduced pressure, and the residue washed with diethyl ether (5 mL). 
A white solid was obtained (978 mg, 2.50 mmol, 99%). 1H NMR (300 MHz, CDCl3): δ 11.60 (s, 
1 H, NCHN), 7.69–7.74 (m, 1 H, Ar-H), 7.46–7.65 (m, 6 H, Ar-H), 7.36–7.40 (m, 2 H, Ar-H), 
5.84 (s, 2 H, NCH2Ph), 4.87 (t, 3JH-H = 7 Hz, 2 H, NCH2), 3.19 (t, 3JH-H = 7 Hz, 2 H, SCH2), 3.17 
(sept, 3JH-H = 7 Hz, 1 H, SCH), 1.26 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, 
CDCl3): δ 144.0 (NCHN), 133.3, 132.1, 131.7, 130.0, 129.9, 128.9, 127.8, 114.4, 113.8 (Ar-C), 
52.1 (NCH2Ph), 47.8 (NCH2), 35.9 (SCH), 30.5 (SCH2), 24.0 (CH3). Anal. Calcd. for 
C19H23BrN2S·H2O: C, 55.74; H, 6.16; N, 6.84. Found: C, 56.11; H, 5.80; N, 6.88. MS (ESI) m/z 
311 [M - Br]+. 
 
1-Isobutyl-3-(2-(isopropylthio)ethyl)-benzimidazolium bromide (206). 
Salt 206 was prepared in analogy to salt 205 from 2-mercaptopropane 
(628 µL, 6.80 mmol, 1.51 equiv.), sodium hydroxide (272 mg, 6.80 mmol, 
1.51 equiv.) and salt 200 (1.63 g, 4.50 mmol, 1.00 equiv.). A white solid 
was obtained (1.26 g, 3.53 mmol, 78%). 1H NMR (300 MHz, CDCl3): δ 
11.33 (s, 1 H, NCHN), 7.79–7.59 (m, 4 H, Ar-H), 4.91 (t, 3JH-H = 7 Hz, 2 H, 
NCH2), 4.40 (d, 3JH-H = 7 Hz, 2 H, NCH2), 3.19 (sept, 3JH-H = 7 Hz, 1 H, SCH), 3.17 (t, 3JH-H = 
7 Hz, 2 H, SCH2), 2.41 (m, 1 H, CH), 1.24 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.05 (d, 3JH-H = 7 Hz, 6 H, 
CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 144.3 (NCHN), 132.1, 131.9, 127.8, 113.8 (Ar-C), 
55.1 (NCH2), 47.6 (NCH2), 35.7 (SCH), 30.6 (CH), 29.6 (SCH2), 24.0 (CH3), 20.5 (CH3). Anal. 
Calcd. for C16H25BrN2S·1/5CH2Cl2: C, 51.98; H, 6.84; N, 7.48. Found: C, 52.37; H, 6.68; N, 
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1-Benzhydryl-3-(2-(isopropylthio)ethyl)-benzimidazolium bromide (207). 
Salt 207 was prepared in analogy to salt 205 from 2-mercaptopropane 
(903 µL, 9.78 mmol, 1.50 equiv.), sodium hydroxide (391 mg, 9.78 mmol, 
1.50 equiv.) and salt 201 (3.08 g, 6.52 mmol, 1.00 equiv.). A white solid 
was obtained (2.03 g, 4.34 mmol, 67%). 1H NMR (300 MHz, CDCl3): δ 
10.42 (s, 1 H, NCHN), 7.80 (d, 3JH-H = 9 Hz, 1 H, Ar-H), 7.58 (dt, 4JH-H = 
1 Hz, 3JH-H = 8 Hz, 1 H, Ar-H), 7.50–7.35 (m, 12 H, Ar-H), 7.27 (s, 1 H, 
NCHPh2), 4.99 (t, 3JH-H = 6 Hz, 2 H, NCH2), 3.10 (t, 3JH-H = 6 Hz, 2 H, SCH2), 3.09 (sept, 3JH-H = 
7 Hz, 1 H, SCH), 1.16 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 144.0 
(NCHN), 135.7, 132.5, 131.7, 130.3, 129.2, 127.9, 127.7, 115.4, 114.0 (Ar-C), 67.4 (NCHPh2), 
47.9 (NCH2), 35.6 (SCH), 30.5 (SCH2), 24.0 (CH3). Anal. Calcd. for C25H27BrN2S: C, 64.23; H, 
5.82; N, 5.99. Found: C, 64.25; H, 5.58; N, 5.90. MS (ESI) m/z 387 [M - Br]+. 
 
1-Benzyl-3-(3-(isopropylthio)propyl)-benzimidazolium bromide (208). 
Salt 208 was prepared in analogy to salt 205 from 2-mercaptopropane 
(3.05 mL, 33.0 mmol, 1.50 equiv.), sodium hydroxide (1.32 g, 33.0 mmol, 
1.50 equiv.) and salt 202 (9.02 g, 22.0 mmol, 1.00 equiv.). An off-white 
solid was obtained (5.24 g, 12.9 mmol, 58%). 1H NMR (300 MHz, 
CDCl3): δ 11.70 (s, 1 H, NCHN), 7.81–7.75 (m, 1 H, Ar-H), 7.63–7.47 
(m, 5 H, Ar-H), 7.39–7.30 (m, 3 H, Ar-H), 5.87 (s, 2 H, NCH2Ph), 4.77 (t, 
3JH-H = 8 Hz, 2 H, NCH2), 2.90 (sept, 3JH-H = 7 Hz, 1 H, SCH), 2.67 (t, 3JH-H = 7 Hz, 2 H, SCH2), 
2.40 (tt, 3JH-H = 7 Hz, 3JH-H = 8 Hz, 2 H, CH2), 1.21 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR 
(75 MHz, CDCl3): δ 143.9 (NCHN), 133.3, 132.3, 131.8, 130.0, 129.9, 129.1, 127.9, 127.8, 
114.4, 113.8 (Ar-C), 52.1 (NCH2Ph), 46.9 (NCH2), 36.0 (SCH), 29.8 (SCH2), 27.9 (CH2), 24.0 
(CH3). Anal. Calcd. for C20H25BrN2S·1/4CH2Cl2: C, 57.01; H, 6.02; N, 6.57. Found: C, 57.03; H, 
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1-Isobutyl-3-(3-(isopropylthio)propyl)-benzimidazolium bromide (209). 
Salt 209 was prepared in analogy to salt 205 from 2-mercaptopropane 
(849 µL, 9.20 mmol, 1.50 equiv.), sodium hydroxide (369 mg, 
9.20 mmol, 1.50 equiv.) and salt 203 (2.31 g, 6.10 mmol, 1.00 equiv.). A 
brown oil was obtained (1.76 g, 4.74 mmol, 78%). 1H NMR (300 MHz, 
CDCl3): δ 11.49 (s, 1 H, NCHN), 7.84–7.78 (m, 1 H, Ar-H), 7.72–7.60 
(m, 3 H, Ar-H), 4.80 (t, 3JH-H = 7 Hz, 2 H, NCH2), 4.41 (d, 3JH-H = 8 Hz, 2 H, NCH2), 2.89 (sept, 
3JH-H = 7 Hz, 1 H, SCH), 2.66 (t, 3JH-H = 7 Hz, 2 H, SCH2), 2.43–2.30 (m, 3 H, CH, CH2), 1.21 
(d, 3JH-H = 7 Hz, 6 H, CH3), 1.02 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 
143.9 (NCHN), 132.1, 132.0, 127.8, 113.8 (Ar-C), 55.0 (NCH2), 46.8 (NCH2), 36.0 (SCH); 29.9 
(CH), 29.6 (SCH2), 27.8 (CH2), 24.0 (CH3), 20.5 (CH3). No correct elemental analysis could be 
obtained for this compound despite several attempts. MS (ESI) m/z 291 [M - Br]+. 
 
1-Benzhydryl-3-(3-(isopropylthio)propyl)-benzimidazolium bromide (210). 
Salt 210 was prepared in analogy to salt 205 from 2-mercaptopropane 
(1.48 mL, 16.1 mmol, 1.50 equiv.), sodium hydroxide (644 mg, 
16.1 mmol, 1.50 equiv.) and salt 204 (5.21 g, 10.7 mmol, 1.00 equiv.). A 
white solid was obtained (3.09 g, 6.42 mmol, 60%). 1H NMR (300 MHz, 
CDCl3): δ 10.88 (s, 1 H, NCHN), 7.82 (d, 3JH-H = 8 Hz, 1 H, Ar-H), 7.58 
(dt, 4JH-H = 1 Hz, 3JH-H = 7 Hz, 1 H, Ar-H), 7.47–7.33 (m, 12 H, Ar-H), 
7.29 (s, 1 H, NCHPh2), 4.87 (t, 3JH-H = 7 Hz, 2 H, NCH2), 2.85 (sept, 3JH-H = 7 Hz, 1 H, SCH), 
2.65 (t, 3JH-H = 7 Hz, 2 H, SCH2), 2.34 (quint, 3JH-H = 7 Hz, 2 H, CH2), 1.18 (d, 3JH-H = 7 Hz, 6 H, 
CH3). 13C{1H} NMR (75 MHz, CDCl3): δ 143.8 (NCHN), 135.8, 132.6, 131.7, 130.1, 129.2, 
127.8, 127.7, 115.7, 114.0 (Ar-C), 67.4 (NCHPh2), 47.3 (NCH2), 36.0 (SCH), 29.6 (SCH2), 27.9 
(CH2), 24.0 (CH3). Anal. Calcd. for C26H29BrN2S: C, 64.86; H, 6.07; N, 5.84. Found: C, 64.80; 














Benzimidazolium salt 205 (117 mg, 0.30 mmol, 1.00 equiv.) and silver(I) 
oxide (35 mg, 0.15 mmol, 0.50 equiv.) were suspended in dichloromethane 
(15 mL) and stirred at ambient temperature for 15 h shielded from light. 
Platinum(II) bromide (106 mg, 0.30 mmol, 1.00 equiv.) was dissolved in 
DMSO (5 mL) by stirring for 10 min at 80 °C. After the [PtBr2(dmso)2] 
solution had cooled to ambient temperature, the silver complex solution was added by filtration 
over a short plug of Celite, and the resulting mixture was stirred for 1 h at ambient temperature. 
Then the solution was filtered over Celite. The solution was extracted with water (2 × 50 mL), 
dried over sodium sulfate, filtered, and the solvent was removed under reduced pressure. The 
residue was washed with small quantities of dichloromethane. The product was obtained as an 
off-white solid (176 mg, 0.26 mmol, 88%). 1H NMR (300 MHz, DMSO-d6): δ 7.93 (d, 3JH-H = 8 
Hz, 1 H, Ar-H), 7.61 (d, 3JH-H = 8 Hz, 1 H, Ar-H), 7.49–7.23 (m, 9 H, Ar-H, NCH2Ph), 6.45 (d, 
2JH-H = 16 Hz, 1 H, NCH2), 5.82 (d, 2JH-H = 16 Hz, 1 H, NCH2), 5.04 (d, 2JH-H = 15 Hz, 1 H, 
SCH2), 4.35 (t, 2JH-H = 13 Hz, 1 H, SCH2), 2.69–2.52 (m, 1 H, SCH), 1.04 (d, 3JH-H = 6 Hz, 3 H, 
CH3), 0.87 (d, 3JH-H = 6 Hz, 3 H, CH3). 13C{1H} NMR (75 MHz, DMSO-d6): δ 152.3 (Ccarbene), 
136.1, 133.8, 132.7, 128.6, 127.8, 127.4, 124.1, 123.9, 112.0, 111.7 (Ar-C), 50.4 (NCH2Ph), 45.9 
(NCH2), 45.0 (SCH), 30.1 (SCH2), 22.3 (CH3), 21.1 (CH3). Anal. Calcd. for 
C19H22Br2N2PtS·1.5CH2Cl2: C, 31.06; H, 3.18; N, 3.53. Found: C, 31.43; H, 3.53; N, 3.71. MS 




Complex 212 was prepared in analogy to complex 211 from 
benzimidazolium salt 206 (107 mg, 0.30 mmol, 1.00 equiv.), silver(I) oxide 
(35 mg, 0.15 mmol, 0.50 equiv.) and platinum(II) bromide (106 mg, 
0.30 mmol, 1.00 equiv.). The product was obtained as an off-white solid 
(102 mg, 0.16 mmol, 54%).  1H NMR (300 MHz, DMSO-d6): δ 7.96–7.77 
(m, 2 H, Ar-H), 7.46–7.30 (m, 2 H, Ar-H), 5.19 (dd, 3JH-H = 7 Hz, 2JH-H = 14 Hz, 1 H, NCH2), 
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1 H, NCH2), 2.83–2.60 (m, 2 H, SCH2), 1.33 (d, 3JH-H = 7 Hz, 3 H, CH3), 1.31–1.23 (m, 1 H, 
CH), 1.18 (d, 3JH-H = 6 Hz, 3 H, CH3), 1.00 (d, 3JH-H = 6 Hz, 3 H, CH3), 0.83 (d, 3JH-H = 6 Hz, 3 
H, CH3), SCH not observed due to overlap with solvent peak. 13C{1H} NMR (75 MHz, DMSO-
d6): δ 150.6 (Ccarbene), 134.4, 132.4, 123.8, 123.7, 111.9, 111.5 (Ar-C), 53.8 (NCH2), 45.7 
(NCH2), 45.2 (SCH), 30.4 (SCH2), 28.7 (CH), 22.8, 21.3, 19.8, 19.6 (CH3). Anal. Calcd. for 
C16H24Br2N2PtS: C, 30.44; H, 3.83; N, 4.44. Found: C, 30.31; H, 3.83; N, 4.49. MS (ESI) m/z 




Benzimidazolium salt 207 (468 mg, 1.00 mmol, 1.00 equiv.) and silver(I) 
oxide (116 mg, 0.50 mmol, 0.50 equiv.) were suspended in 
dichloromethane (50 mL) and stirred at ambient temperature for 15 h 
shielded from light. Platinum(II) bromide (355 mg, 1.00 mmol, 1.00 equiv.) 
was dissolved in DMSO (5 mL) by stirring for 10 min at 80 °C. After the 
[PtBr2(dmso)2] solution had cooled to ambient temperature, the silver complex solution was 
added by filtration, and the resulting mixture was stirred for 1 h at ambient temperature. Then the 
solution was filtered and the solvent was removed under reduced pressure. The residue was 
washed with methanol (40 mL) and diethyl ether (40 mL). The product was obtained as an off-
white solid (529 mg, 0.71 mmol, 71%). 1H NMR (300 MHz, DMSO-d6): δ 8.60 (s, 1 H, Ar-H), 
7.94 (d, 3JH-H = 8 Hz, 1 H, Ar-H), 7.48–7.33 (m, 7 H, Ar-H), 7.31–7.21 (m, 4 H, Ar-H, NCHPh2), 
7.17–7.06 (m, 1 H, Ar-H), 6.53 (d, 3JH-H = 8 Hz, 1 H, Ar-H), 5.07 (t, 2JH-H = 15 Hz, 1 H, NCH2), 
4.45 (t, 2JH-H = 13 Hz, 1 H, NCH2), 2.63–2.52 (m, 1 H, SCH2), 2.13–1.96 (m, 1 H, SCH), 1.32–
1.22 (m, 1 H, SCH2), 0.89 (d, 3JH-H = 6 Hz, 3 H, CH3), 0.48 (d, 3JH-H = 7 Hz, 3 H, CH3). 13C{1H} 
NMR (75 MHz, DMSO-d6): δ 154.3 (Ccarbene), 137.8, 133.3, 133.2, 129.1, 128.6, 128.4, 127.6, 
123.8, 123.7, 113.6, 112.2 (Ar-C), 65.6 (NCHPh2), 46.3 (NCH2), 45.5 (SCH), 30.4 (SCH2), 21.9 
(CH3), 20.9 (CH3). Anal. Calcd. for C25H26Br2N2PtS: C, 40.50; H, 3.53; N, 3.78. Found: C, 











Complex 214 was prepared in analogy to complex 211 from 
benzimidazolium salt 208 (122 mg, 0.30 mmol, 1.00 equiv.), silver(I) 
oxide (35 mg, 0.15 mmol, 0.50 equiv.) and platinum(II) bromide (106 mg, 
0.30 mmol, 1.00 equiv.). The product was obtained as an off-white solid 
(205 mg, 0.30 mmol >99%). 1H NMR (300 MHz, DMSO-d6) (two 
overlapping sets of signals, ratio ~1:1): δ 7.78 (d, 3JH-H = 8.0 Hz, 1 H, Ar-H), 7.56–7.13 (m, 10 H, 
Ar-H, NCH2Ph), 6.20–6.06 (m, 1 H, NCH2), 6.06–5.91 (m, 1 H, NCH2), 5.42–5.22 (m, 1 H, 
SCH2), 4.89–4.70 (m, 1 H, SCH2), 2.86–2.63 (m, 0.5 H, SCH), 2.46–2.16 (m, 2 H, CH2), 1.95–
1.78 (m, 0.5 H, SCH), 1.28–0.99 (m, 6 H, CH3). 13C{1H} NMR (75 MHz, DMSO-d6) (two signal 
sets observed): δ 156.0 (Ccarbene), 135.6, 135.5, 134.1, 133.3, 133.2, 132.6, 128.7, 128.6, 127.9, 
127.7, 127.4, 127.0, 124.0, 124.0, 112.4, 112.0, 111.8, 111.3 (Ar-C), 51.2, 51.1 (NCH2Ph), 46.8, 
42.8 (NCH2), 42.6, 33.8 (SCH), 29.1, 28.5 (SCH2), 26.7, 24.3 (CH2), 23.3, 23.2 (CH3), 21.7, 20.9 
(CH3). Anal. Calcd. for C20H24Br2N2PtS: C, 35.36; H, 3.56; N, 4.12. Found: C, 35.73; H, 3.72; N, 




Complex 215 was prepared in analogy to complex 213 from 
benzimidazolium salt 209 (371 mg, 1.00 mmol, 1.00 equiv.), silver(I) 
oxide (116 mg, 0.50 mmol, 0.50 equiv.) and platinum(II) bromide 
(355 mg, 1.00 mmol, 1.00 equiv.). The product was obtained as an off-
white solid (283 mg, 0.44 mmol, 44%). 1H NMR (300 MHz, DMSO-d6): 
δ 7.94–7.70 (m, 2 H, Ar-H), 7.55–7.25 (m, 2 H, Ar-H), 5.39–5.12 (m, 1 H, NCH2), 5.00–4.60 (m, 
2 H, NCH2), 4.55–4.04 (m, 1 H, NCH2), 2.98–2.58 (m, 2 H, SCH2), 2.48–1.60 (m, 4 H, SCH, 
CH, CH2), 1.47–1.13 (m, 6 H, CH3), 1.06–0.82 (m, 6 H, CH3). 13C{1H} NMR (75 MHz, DMSO-
d6): δ 154.9 (Ccarbene), 134.0, 132.8, 123.9, 112.1, 111.0 (Ar-C), 54.9 (NCH2), 46.7 (NCH2), 33.8 
(SCH), 28.6 (SCH2), 28.4 (CH), 26.7 (CH2), 23.3 (CH3), 23.2 (CH3), 19.9 (CH3), 19.8 (CH3). 
Anal. Calcd. for C17H26Br2N2PtS: C, 31.64; H, 4.06; N, 4.34. Found: C, 31.44; H, 3.90; N, 4.27. 

















Complex 216 was prepared in analogy to complex 213 from 
benzimidazolium salt 210 (482 mg, 1.00 mmol, 1.00 equiv.), silver(I) 
oxide (116 mg, 0.50 mmol, 0.50 equiv.) and platinum(II) bromide 
(355 mg, 1.00 mmol, 1.00 equiv.). The product was obtained as an off-
white solid (405 mg, 0.54 mmol, 54%). 1H NMR (300 MHz, DMSO-d6) 
(two signal sets observed, ratio 1:0.6): δ (major) 8.35 (s, 1 H, Ar-H), 7.92–7.85 (m, 1 H, Ar-H), 
7.47–7.33 (m, 7 H, Ar-H), 7.31–7.21 (m, 4 H, Ar-H, NCHPh2), 7.10 (t, 3JH-H = 8 Hz, 1 H, Ar-H), 
6.48 (d, 3JH-H = 8 Hz, 1 H, Ar-H), 5.55–5.38 (m, 1 H, NCH2), 4.86 (dd, 3JH-H = 8 Hz, 4JH-H = 15 
Hz, 1 H, NCH2), 3.31–2.59 (m, 2 H, SCH2/SCH/CH2), 2.45–2.10 (m, 2 H, SCH2/SCH/CH2), 
1.53–1.31 (m, 1 H, SCH2/SCH/CH2), 1.00 (d, 3JH-H = 7 Hz, 3 H, CH3), 0.59 (3JH-H = 6 Hz, 3 H, 
CH3); (minor) 8.42 (s, 1 H, Ar-H), 7.92–7.85 (m, 1 H, Ar-H), 7.47–7.33 (m, 7 H, Ar-H), 7.31–
7.21 (m, 4 H, Ar-H, NCHPh2), 7.10 (t, 3JH-H = 8 Hz, 1 H, Ar-H), 6.57 (d, JH-H = 8 Hz, 1 H, Ar-H), 
5.02–4.90 (m, 1 H, NCH2), 4.72–4.55 (m, 1 H, NCH2), 3.31–2.59 (m, 2 H, SCH2/SCH/CH2), 
2.45–2.10 (m, 2 H, SCH2/SCH/CH2), 1.53–1.31 (m, 1 H, SCH2/SCH/CH2), 1.23 (d, 3JH-H = 7 Hz, 
3 H, CH3), 1.22 (d, 3JH-H = 7 Hz, 3 H, CH3). Due to the low solubility of this compound, no 13C 
NMR spectrum could be obtained. Anal. Calcd. for C26H28Br2N2PtS: C, 41.34; H, 3.74; N, 3.71. 
Found: C, 41.71; H, 3.54; N, 3.74. MS (ESI) m/z 675 [M - Br]+. 
 
cis-Dibromido(1-benzyl-3-(2-(isopropylthio)ethyl)-benzimidazolin-2-ylidene-κ2C,S)-
palladium (II) (221). 
Benzimidazolium salt 205 (117 mg, 0.30 mmol, 1.00 equiv.) and silver(I) 
oxide (35 mg, 0.15 mmol, 0.50 equiv.) were suspended in dichloromethane 
(15 mL) and stirred at ambient temperature for 15 h shielded from light. 
Palladium(II) bromide (80 mg, 0.30 mmol, 1.00 equiv.) was dissolved in 
acetonitrile (10 mL) by stirring for 30 min at 50 °C. After cooling to 
ambient temperature, the silver carbene complex solution was added by filtration over a short 
plug of Celite, and stirring was continued for 1 h at ambient temperature. Then the solution was 
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with diethyl ether (10 mL). The product was obtained as a yellow solid (111 mg, 0.19 mmol, 
64%). 1H NMR (300 MHz, DMSO-d6, 358 K): δ 7.87 (d, 3JH-H = 8 Hz, 1 H, Ar-H), 7.56 (d, 3JH-H 
= 8 Hz, 1 H, Ar-H), 7.49–7.25 (m, 9 H, Ar-H, NCH2Ph), 6.19–6.05 (m, 2 H, NCH2), 4.98–4.72 
(m, 2 H, SCH2), 2.85–2.73 (m, 1 H, SCH), 1.09–1.02 (m, 6 H, CH3). 13C{1H} NMR (75 MHz, 
DMSO-d6): δ 136.4, 134.4, 133.3, 129.1, 128.4, 127.9, 124.6, 124.4, 112.3 (Ar-C), 51.6 
(NCH2Ph), 47.2 (NCH2), 44.3 (SCH), 30.8 (SCH2), 22.6 (CH3), Ccarbene not observed. 1H NMR 
(300 MHz, CDCl3, as pyridine adduct): δ 9.06–8.99 (m, 2 H, Ar-H), 7.81–7.77 (m, 1 H, Ar-H), 
7.60–7.52 (m, 2 H, Ar-H), 7.47–7.42 (m, 1 H, Ar-H), 7.38–7.30 (m, 5 H, Ar-H), 7.25–7.21 (m,  1 
H, Ar-H), 7.14–7.01 (m, 2 H, Ar-H), 6.16 (s, 2 H, NCH2Ph), 5.11–5.01 (m, 2 H, NCH2), 3.47–
3.34 (m, 2 H, SCH2), 3.22 (sept, 3JH-H = 7 Hz, 1 H, CH), 1.41 (d, 3JH-H = 7 Hz, 6 H, CH3). 
13C{1H} NMR (75 MHz, CDCl3, as pyridine adduct): δ 164.2 (Ccarbene), 153.2, 138.7, 135.4, 
135.4, 134.9, 129.5, 128.9, 128.8, 125.3, 123.9, 123.9, 112.3, 110.9 (Ar-C), 54.3 (NCH2Ph), 49.6 
(NCH2), 36.1 (SCH), 29.6 (SCH2), 24.5 (CH3). Anal. Calcd. for C19H22Br2N2PdS: C, 39.57; H, 
3.85; N, 4.86. Found: C, 39.45; H, 3.89; N, 4.85. MS (ESI) m/z 497 [M - Br]+. 
 
cis-Dibromido(1-isobutyl-3-(2-(isopropylthio)ethyl)-benzimidazolin-2-ylidene-κ2C,S)-
palladium(II) (222).  
Complex 222 was prepared in analogy to complex 221 from 
benzimidazolium salt 206 (107 mg, 0.30 mmol, 1.00 equiv.), silver(I) oxide 
(35 mg, 0.15 mmol, 0.50 equiv.) and palladium(II) bromide (80 mg, 
0.30 mmol, 1.00 equiv.). The product was obtained as a yellow solid 
(139 mg, 0.26 mmol, 85%). 1H NMR (300 MHz, CDCl3, as pyridine 
adduct): δ 9.08–8.97 (m, 2 H, Ar-H), 7.85–7.74 (m, 1 H, Ar-H), 7.49–7.34 (m, 4 H, Ar-H), 7.33–
7.26 (m, 2 H, Ar-H), 5.10–4.97 (m, 2 H, NCH2), 4.55 (d, 3JH-H = 8 Hz, 2 H, NCH2), 3.42–3.30 
(m, 2 H, SCH2), 3.26–3.06 (m, 2 H, SCH, CH), 1.39 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.11 (d, 3JH-H = 
7 Hz, 6 H, CH3). 13C{1H} NMR (75 MHz, CDCl3, as pyridine adduct): δ 163.3 (Ccarbene), 153.2, 
138.7, 136.1, 134.8, 125.3, 123.8, 111.5, 110.9 (Ar-C), 56.7 (NCH2), 49.7 (NCH2), 36.1 (SCH), 
29.8 (SCH2), 29.6 (CH), 24.5 (CH3), 21.5 (CH3). Anal. Calcd. for C16H24Br2N2PdS: C, 35.41; H, 












Complex 223 was prepared in analogy to complex 221 from 
benzimidazolium salt 207 (140 mg, 0.30 mmol, 1.00 equiv.), silver(I) oxide 
(35 mg, 0.15 mmol, 0.50 equiv.) and palladium(II) bromide (80 mg, 
0.30 mmol, 1.00 equiv.). The product was obtained as a yellow solid 
(197 mg, 0.30 mmol, >99%). 1H NMR (300 MHz, CDCl3, as pyridine 
adduct): δ 8.98 (d, JH-H = 5 Hz, 2 H, Ar-H), 8.53 (s, 1 H, Ar-H), 7.74 (t, JH-H = 8 Hz, 2 H, Ar-H), 
7.47–7.39 (m, 4 H, Ar-H), 7.36–7.27 (m, 7 H, Ar-H, NCHPh2), 7.20 (t, JH-H = 7 Hz, 1 H, Ar-H), 
6.96 (t, JH-H = 8 Hz, 1 H, Ar-H), 6.74 (d, JH-H = 8 Hz, 1 H, Ar-H), 5.13–5.00 (m, 2 H, NCH2), 
3.47–3.33 (m, 2 H, SCH2), 3.21 (sept, 3JH-H = 7 Hz, 1 H, SCH), 1.39 (d, 3JH-H = 7 Hz, 6 H, CH3). 
13C{1H} NMR (75 MHz, CDCl3, as pyridine adduct): δ 165.6 (Ccarbene), 153.1, 138.6, 137.0, 
135.5, 129.7, 129.1, 128.8, 125.6, 125.2, 123.6, 123.6, 114.3, 110.9 (Ar-C), 69.0 (NCHPh2), 49.7 
(NCH2), 36.0 (SCH), 29.3 (SCH2), 24.5 (CH3). Anal. Calcd. for C25H26Br2N2PdS: C, 46.00; H, 
4.01; N, 4.29. Found: C, 45.89; H, 3.93; N, 4.60. MS (ESI) m/z 572 [M - Br]+. 
 
cis-Dibromido(1-benzyl-3-(3-(isopropylthio)propyl)-benzimidazolin-2-ylidene-κ2C,S)-
palladium(II) (224).  
Complex 224 was prepared in analogy to complex 221 from 
benzimidazolium salt 208 (122 mg, 0.30 mmol, 1.00 equiv.), silver(I) 
oxide (35 mg, 0.15 mmol, 0.50 equiv.) and palladium(II) bromide (80 mg, 
0.30 mmol, 1.00 equiv). The product was obtained as a yellow solid 
(173 mg, 0.29 mmol, 98%). NMR spectra could not be obtained due to the 
low solubility of the compound in all common deuterated solvents and the 
fluxionality of its structure. Anal. Calcd. for C20H24Br2N2PdS: C, 40.67; H, 4.10; N, 4.74. Found: 















palladium(II) (225).  
Complex 225 was prepared in analogy to complex 221 from 
benzimidazolium salt 209 (111 mg, 0.30 mmol, 1.00 equiv.), silver(I) 
oxide (35 mg, 0.15 mmol, 0.50 equiv.) and palladium(II) bromide (80 mg, 
0.30 mmol, 1.00 equiv.). The product was obtained as a yellow solid 
(167 mg, 0.30 mmol, >99%). NMR spectra could not be obtained due to 
the low solubility of the compound in all common deuterated solvents and the fluxionality of its 
structure. Anal. Calcd. for C17H26Br2N2PdS: C, 36.68; H, 4.71; N, 5.03. Found: C, 36.27; H, 4.55; 




Complex 226 was prepared in analogy to complex 221 from 
benzimidazolium salt 210 (144 mg, 0.30 mmol, 1.0 equiv.), silver(I) oxide 
(35 mg, 0.15 mmol, 0.50 equiv.) and palladium(II) bromide (80 mg, 
0.30 mmol, 1.00 equiv.). The product was obtained as a yellow solid 
(200 mg, 0.30 mmol, >99%). NMR spectra could not be obtained due to 
the low solubility of the compound in all common deuterated solvents and the fluxionality of its 
structure. Anal. Calcd. for C26H28Br2N2PdS: C, 46.83; H, 4.23; N, 4.20. Found: C, 46.68; H, 4.30; 
















Benzimidazolium salt 205 (391 mg, 1.00 mmol, 1.00 equiv.) and 
silver(I) oxide (116 mg, 0.50 mmol, 0.50 equiv.) were suspended in 
dichloromethane (15 mL) and stirred at ambient temperature for 
15 h shielded from light. [PdBr2(iPr2-bimy)]2 (30) (469 mg, 
0.50 mmol, 0.50 equiv.) was suspended in dichloromethane 
(20 mL), and the filtered silver(I) carbene complex solution was 
added to this suspension. The resulting mixture was stirred for 1 h 
at ambient temperature. Then it was filtered and concentrated under reduced pressure. The 
residue was purified by column chromatography (silica, dichloromethane + 5% EtOH). The 
product was obtained as a yellow solid (644 mg, 0.83 mmol, 83%). 1H NMR (300 MHz, CDCl3): 
δ 7.68–7.50 (m, 4 H, Ar-H), 7.47–7.28 (m, 5 H, Ar-H), 7.24–7.13 (m, 4 H, Ar-H), 6.23 (sept, 3JH-
H = 7 Hz, 1 H, NCH), 6.12 (s, 2 H, NCH2Ph), 5.99 (sept, 3JH-H = 7 Hz, 1 H, NCH), 5.13–5.02 (m, 
2 H, NCH2), 3.50–3.38 (m, 2 H, SCH2), 3.13 (sept, 3JH-H = 7 Hz, 1 H, SCH), 1.86 (d, 3JH-H = 
7 Hz, 6 H, CH3), 1.65 (d, 3JH-H = 7 Hz, 6 H, CH3) 1.37 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR 
(125 MHz, CDCl3): δ 184.5 (Ccarbene), 178.6 (Ccarbene), 136.2, 135.3, 135.2, 134.3, 134.2, 129.5, 
128.6, 128.5, 123.8, 123.7, 122.7, 113.4, 113.3, 112.0, 110.9 (Ar-C), 55.4 (NCH), 54.8 (NCH), 
54.4 (NCH2Ph), 49.1 (NCH2), 36.2 (SCH), 30.5 (SCH2), 24.4 (CH3), 21.8 (CH3) 21.6 (CH3). 
Anal. Calcd. for C32H40Br2N4PdS·CH2Cl2: C, 45.88; H, 4.90; N, 6.49. Found: C, 46.30; H, 4.58; 




Complex 228 was prepared in analogy to complex 227 from 
benzimidazolium salt 206 (391 mg, 1.00 mmol, 1.00 equiv.), 
silver(I) oxide (116 mg, 0.50 mmol, 0.50 equiv.) and [PdBr2(iPr2-
bimy)]2 (30) (469 mg, 0.50 mmol, 0.50 equiv.). The product was 
obtained as a yellow solid (635 mg, 0.85 mmol, 85%). 1H NMR 
(500 MHz, CDCl3): δ 7.62–7.56 (m, 2 H, Ar-H), 7.45–7.39 (m, 2 H, 
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(sept, 3JH-H = 7 Hz, 1 H, NCH), 6.24 (sept, 3JH-H = 7 Hz, 1 H, NCH), 5.06–5.01 (m, 2 H, NCH2), 
4.56 (d, 3JH-H = 8 Hz, 2 H, NCH2), 3.43–3.38 (m, 2 H, SCH2), 3.18–3.06 (m, 2 H, SCH, CH), 
1.85 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.84 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.35 (d, 3JH-H = 7 Hz, 6 H, 
CH3), 1.13 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (125 MHz, CDCl3): δ 183.9 (Ccarbene), 
179.3 (Ccarbene), 136.1, 134.7, 134.3, 134.2, 123.5, 123.5, 122.7, 113.4, 113.3, 111.5, 110.8 (Ar-
C), 56.2 (NCH), 54.9 (NCH), 54.6 (NCH2), 49.0 (NCH2), 36.2 (SCH), 30.5 (SCH2), 30.4 (CH), 
24.4 (CH3), 21.7 (CH3), 21.8 (CH3) 21.4 (CH3). Anal. Calcd. for C29H42Br2N4PdS: C, 46.76; H, 




Complex 229 was prepared in analogy to complex 227 from 
benzimidazolium salt 207 (207 mg, 0.44 mmol, 1.00 equiv.), 
silver(I) oxide (51 mg, 0.22 mmol, 0.50 equiv.) and [PdBr2(iPr2-
bimy)]2 (30) (206 mg, 0.22 mmol, 0.50 equiv.). The product was 
obtained as a yellow solid (229 mg, 0.27 mmol, 61%). 1H NMR 
(500 MHz, CDCl3): δ 8.61 (s, 1 H, Ar-H), 7.60–7.57 (m, 1 H, Ar-
H), 7.55–7.52 (m, 1 H, Ar-H), 7.44–7.34 (m, 11 H, Ar-H, NCHPh2), 7.22–7.18 (m, 3 H, Ar-H), 
6.95 (t, 3JH-H = 8 Hz, 1 H, Ar-H), 6.67 (d, 3JH-H = 8 Hz, 1 H, Ar-H), 6.24 (sept, 3JH-H = 7 Hz, 1 H, 
NCH), 6.02 (sept, 3JH-H = 7 Hz, 1 H, NCH), 5.13–5.06 (m, 2 H, NCH2), 3.52–3.46 (m, 2 H, 
SCH2), 3.12 (sept, 3JH-H = 7 Hz, 1 H, SCH), 1.85 (d, 3JH-H = 7 Hz, 3 H, CH3), 1.67 (d, 3JH-H = 7 
Hz, 3 H, CH3), 1.37 (d, 3JH-H = 7 Hz, 3 H, CH3). 13C{1H} NMR (125 MHz, CDCl3): δ 186.3 
(Ccarbene), 179.2 (Ccarbene), 138.9, 135.6, 134.8, 134.3, 134.2, 129.6, 129.2, 128.7, 123.4, 122.6, 
114.3, 113.4, 113.3, 110.9 (Ar-C), 68.3 (NCH2Ph), 54.8 (NCH), 54.5 (NCH), 49.1 (NCH2), 36.3 
(SCH), 30.4 (SCH2), 24.4 (CH3), 21.7 (CH3), 21.5 (CH3). Anal. Calcd. for 
C38H44Br2N4PdS·0.5CH2Cl2: C, 51.52; H, 5.05; N, 6.24. Found: C, 51.75; H, 5.20; N, 6.35. MS 















Complex 230 was prepared in analogy to complex 227 from 
benzimidazolim salt 208 (405 mg, 1.00 mmol, 1.00 equiv.), silver(I) 
oxide (116 mg, 0.50 mmol, 0.50 equiv.) and [PdBr2(iPr2-bimy)]2 
(30) (469 mg, 0.50 mmol, 0.50 equiv.). The product was obtained as 
a yellow solid (485 mg, 0.61 mmol, 61%). 1H NMR (500 MHz, 
CDCl3): δ 7.73–7.69 (m, 2 H, Ar-H), 7.66–7.63 (m, 1 H, Ar-H), 
7.60–7.56 (m, 2 H, Ar-H), 7.47–7.43 (m, 2 H, Ar-H), 7.40–7.36 (m, 
1 H, Ar-H),7.34–7.30 (m, 2 H, Ar-H), 7.28–7.26 (m, 1 H, Ar-H), 7.25–7.20 (m, 2 H, Ar-H), 6.29 
(sept, 3JH-H = 7 Hz, 1 H, NCH), 6.22 (s, 2 H, NCH2Ph), 6.08 (sept, 3JH-H = 7 Hz, 1 H, NCH), 
5.10–5.05 (m, 2 H, NCH2), 3.07 (sept, 3JH-H = 7 Hz, 1 H, SCH), 2.87 (t, 3JH-H = 7 Hz, 2 H, SCH2), 
2.71–2.63 (m, 2 H, CH2), 1.93 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.69 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.39 
(d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (125 MHz, CDCl3): δ 184.1 (Ccarbene), 178.8 (Ccarbene), 
136.4, 135.5, 135.2, 134.3, 134.2, 129.4, 128.5, 128.4, 123.6, 123.6, 122.7, 113.3, 111.8, 111.1 
(Ar-C), 54.5 (NCH), 54.5 (NCH), 53.2 (NCH2Ph), 48.0 (NCH2), 36.0 (SCH), 30.5 (SCH2), 28.9 
(CH2), 24.1 (CH3), 21.8 (CH3), 21.5 (CH3). Anal. Calcd. for C33H42Br2N4PdS: C, 49.98; H, 5.34; 




Complex 231 was prepared in analogy to complex 227 from 
benzimidazolium salt 209 (371 mg, 1.00 mmol, 1.00 equiv.), 
silver(I) oxide (116 mg, 0.50 mmol, 0.50 equiv.) and [PdBr2(iPr2-
bimy)]2 (30) (469 mg, 0.50 mmol, 0.50 equiv.). The product was 
obtained as a yellow solid (541 mg, 0.71 mmol, 71%). 1H NMR 
(500 MHz, CDCl3): δ 7.63–7.60 (m, 2 H, Ar-H), 7.54–7.51 (m, 1 H, 
Ar-H), 7.45–7.41 (m, 1 H, Ar-H), 7.31–7.28 (m, 2 H, Ar-H), 7.26–7.23 (m, 2 H, Ar-H), 6.35 
(sept, 3JH-H = 7 Hz, 1 H, NCH), 6.27 (sept, 3JH-H = 7 Hz, 1 H, NCH), 4.99 (t, 3JH-H = 7 Hz, 2 H, 
NCH2), 4.60 (d, 3JH-H = 7 Hz, 2 H, NCH2), 3.16 (sept, 3JH-H = 7 Hz, 1 H, SCH), 3.01 (sept, 3JH-H = 
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3JH-H = 7 Hz, 6 H, CH3), 1.86 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.34 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.16 
(d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (125 MHz, CDCl3): δ 183.5 (Ccarbene), 179.6 (Ccarbene), 
136.1, 135.1, 134.3, 134.2, 123.4, 123.4, 122.7, 113.4, 113.3, 111.4, 111.1 (Ar-C), 56.2 (NCH2), 
54.6 (NCH), 48.0 (NCH2), 36.1 (SCH), 30.5 (SCH2), 30.5 (CH), 28.9 (CH2), 24.2 (CH3), 21.8 
(CH3), 21.6 (CH3) 21.5 (CH3). Anal. Calcd. for C30H44Br2N4PdS: C, 47.47; H, 5.84; N, 7.38. 
Found: C, 47.97; H, 6.15; N, 7.63. MS (ESI) m/z 679 [M - Br]+. 
 
trans-Dibromido(1-benzhydryl-3-(2-(isopropylthio)propyl)-benzimidazolin-2-ylidene)(1,3-
diisopropyl-benzimidazolin-2-ylidene)-palladium(II) (232).  
Complex 232 was prepared in analogy to complex 227 from 
benzimidazolium salt 210 (482 mg, 1.00 mmol, 1.00 equiv.), 
silver(I) oxide (116 mg, 0.50 mmol, 0.50 equiv.) and [PdBr2(iPr2-
bimy)]2 (30) (469 mg, 0.50 mmol, 0.50 equiv.). The product was 
obtained as a yellow solid (649 mg, 0.76 mmol, 76%). 1H NMR 
(500 MHz, CDCl3): δ 8.66 (s, 1 H, Ar-H), 7.58–7.55 (m, 1 H, Ar-
H), 7.54–7.48 (m, 2 H, Ar-H), 7.43–7.33 (m, 10 H, Ar-H, NCHPh2), 7.21–7.16 (m, 3 H, Ar-H), 
6.93 (t, JH-H = 8 Hz, 1 H, Ar-H), 6.66 (d, JH-H = 8 Hz, 1 H, Ar-H), 6.23 (sept, 3JH-H = 7 Hz, 1 H, 
NCH), 6.01 (sept, 3JH-H = 7 Hz, 1 H, NCH), 5.04–4.99 (m, 2 H, NCH2), 3.02 (sept, 3JH-H = 7 Hz, 
1 H, SCH), 2.82 (t, 3JH-H = 7 Hz, 2 H, SCH2), 2.68–2.60 (m, 2 H, CH2), 1.84 (d, 3JH-H = 7 Hz, 6 
H, CH3), 1.64 (d, 3JH-H = 7 Hz, 6 H, CH3), 1.33 (d, 3JH-H = 7 Hz, 6 H, CH3). 13C{1H} NMR (125 
MHz, CDCl3): δ 185.9 (Ccarbene), 179.3 (Ccarbene), 138.9, 135.8, 134.9, 134.2, 134.1, 129.6 129.1, 
128.6, 123.3, 122.6, 114.2, 113.3, 113.3, 111.1 (Ar-C), 68.1 (NCHPh2), 54.6 (NCH), 54.5 
(NCH), 48.1 (NCH2), 36.0 (SCH), 30.4 (SCH2), 28.9 (CH2), 24.2 (CH3), 21.8 (CH3), 21.5 (CH3). 
Anal. Calcd. for C39H46Br2N4PdS: C, 53.90; H, 5.33; N, 6.45. Found: C, 53.64; H, 5.25; N, 6.23. 















Benzimidazolium salt 205 (783 mg, 2.00 mmol, 2.0 equiv.), 
nickel(II) acetate (177 mg, 1.00 mmol, 1.0 equiv.) and TBAB 
(2.00 g) were dried under vaccum at 80 °C for 2 h. Then the 
temperature was brought slowly to 130 °C and maintained constant 
for 12 h. After this time the reaction mixture was allowed to cool to 
ambient temperature. Trituration with water and subsequent filtration 
gave the product as a red solid (631 mg, 0.75 mmol, 75%, mixture of 
trans-syn and trans-anti rotamers). 1H NMR (300 MHz, CDCl3,): δ (trans-anti, major rotamer) 
7.76–7.53 (m, 3 H, Ar-H), 7.53–7.28 (m, 9 H, Ar-H), 7.22–7.10 (m, 2 H, Ar-H), 7.08–6.87 (m, 4 
H, Ar-H), 6.71 (s, 4 H, NCH2Ph), 5.47–5.35 (m, 4 H, NCH2), 3.52–3.41 (m, 4 H, SCH2), 2.90 
(sept, 3JH-H = 7 Hz, 2 H, SCH), 1.15 (d, 3JH-H = 7 Hz, 12 H, CH3). δ (trans-syn, minor rotamer) 
7.76–7.53 (m, 3 H, Ar-H), 7.53–7.28 (m, 9 H, Ar-H), 7.22–7.10 (m, 2 H, Ar-H), 7.08–6.87 (m, 4 
H, Ar-H), 6.46 (s, 4 H, NCH2Ph), 5.56–5.47 (m, 4 H, NCH2), 3.73–3.60 (m, 4 H, SCH2), 3.18 
(sept, 3JH-H = 7 Hz, 2 H, SCH), 1.38 (d, 3JH-H = 7 Hz, 12 H, CH3). 13C{1H} NMR (75 MHz, 
CDCl3): δ (trans-anti, major rotamer) 185.5 (Ccarbene), 136.1, 135.9, 135.5, 129.5, 128.8, 128.5, 
123.2, 112.0, 110.4 (Ar-C), 54.2 (NCH2Ph), 49.2 (NCH2), 36.1 (SCH), 30.2 (SCH2), 24.2 (CH3). 
δ (trans-syn, minor rotamer) 185.5 (Ccarbene), 136.1, 135.9, 135.2, 129.3, 128.8, 128.5, 123.2, 
111.6, 110.7 (Ar-C), 53.5 (NCH2Ph), 49.4 (NCH2), 36.3 (SCH), 30.5 (SCH2), 24.4 (CH3). Anal. 
Calcd. for C38H44Br2N4NiS2: C, 54.37; H, 5.28; N, 6.67. Found: C, 54.45; H, 4.79; N, 6.59. MS 














Benzimidazolium salt 206 (357 mg, 1.00 mmol, 2.0 equiv.), 
nickel(II) acetate (88 mg, 0.50 mmol, 1.0 equiv.) and TBAB (1.00 g) 
were dried under vaccum at 80 °C for 2 h. Then the temperature was 
brought slowly to 130 °C and maintained constant for 12 h. After this 
time the reaction mixture was allowed to cool to ambient 
temperature. Trituration with water and subsequent filtration gave 
the product as a red solid (195 mg, 0.25 mmol, 51%, mixture of 
trans-syn and trans-anti rotamers). 1H NMR (500 MHz, CDCl3): δ (both rotamers) 7.49–7.30 (m, 
4 H, Ar-H), 7.28–7.15 (m, 4 H, Ar-H), 5.71–5.22 (m, 4 H, NCH2), 5.05–4.88 (m, 4 H, NCH2), 
3.71–3.57 (m, 2 H, SCH2), 3.57–3.45 (m, 2 H, SCH2), 3.41–3.21 (m, 2 H, SCH), 3.18–3.02 (m, 2 
H, CH), 1.33 (d, 3JH-H = 6 Hz, 12 H, CH3), 1.26 (d, 3JH-H = 6 Hz, 6 H, CH3), 1.22 (d, 3JH-H = 6 Hz, 
6 H, CH3). 13C{1H} NMR (125 MHz, CDCl3): δ (both rotamers) 184.5, 184.3 (Ccarbene), 136.5, 
136.2, 135.6, 135.2, 122.9, 111.3, 111.2, 110.9, 110.5 (Ar-C), 56.3, 56.3, 49.4, 49.1 (NCH2), 
36.5, 36.3 (SCH), 30.4, 30.1 (SCH2), 29.9, 29.6 (CH), 24.4, 24.3, 21.8, 21.7 (CH3). Anal. Calcd. 
for C32H48Br2N4NiS2: C, 49.83; H, 6.27; N, 7.26. Found: C, 49.70; H, 6.23; N, 7.03. MS (ESI) 




Benzimidazolium salt 208 (405 mg, 1.00 mmol, 2.0 equiv.), 
nickel(II) acetate (88 mg, 0.50 mmol, 1.0 equiv.) and TBAB (1.00 g) 
were dried under vaccum at 80 °C for 2 h. Then the temperature was 
brought slowly to 130 °C and maintained constant for 12 h. After this 
time the reaction mixture was allowed to cool to ambient 
temperature. Trituration with water and subsequent filtration gave 
the product as a red solid (249 mg, 0.29 mmol, 57%, mixture of 
trans-syn and trans-anti rotamers). 1H NMR (500 MHz, CDCl3): δ 
(trans-anti, major rotamer) 7.69 (d, JH-H = 7 Hz, 2 H, Ar-H), 7.48–7.28 (m, 10 H, Ar-H), 7.18–
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NCH2), 2.81 (sept, 3JH-H = 7 Hz, 2 H, SCH), 2.71–2.62 (m, 4 H, SCH2), 2.59–2.54 (m, 4 H, CH2), 
1.21 (d, 3JH-H = 7 Hz, 12 H, CH3). δ (trans-syn, minor rotamer) 7.69 (d, JH-H = 7 Hz, 2 H, Ar-H), 
7.48–7.28 (m, 10 H, Ar-H), 7.18–7.12 (m, 2 H, Ar-H), 7.05–6.94 (m, 4 H, Ar-H), 6.46 (s, 4 H, 
NCH2Ph), 5.39 (t, 3JH-H = 7 Hz, 4 H, NCH2), 3.05 (sept, 3JH-H = 7 Hz, 2 H, SCH), 2.93–2.83 (m, 8 
H, SCH2, CH2), 1.35 (d, 3JH-H = 6.6 Hz, 12 H, CH3). 13C{1H} NMR (125 MHz, CDCl3): δ (trans-
anti, major rotamer) 185.3 (Ccarbene), 136.3, 136.1, 135.4, 129.6, 128.6, 128.4, 123.1, 123.0, 
111.7, 110.5 (Ar-C), 54.0 (NCH2Ph), 47.9 (NCH2), 35.9 (SCH), 30.1 (SCH2), 28.6 (CH2), 24.1 
(CH3). δ (trans-syn, minor rotamer) 185.2 (Ccarbene), 136.2, 136.0, 135.6, 129.3, 128.7, 128.4, 
123.1, 123.0, 111.4, 110.7 (Ar-C), 53.4 (NCH2Ph), 47.8 (NCH2), 36.0 (SCH), 30.4 (SCH2), 29.0 
(CH2), 24.2 (CH3). MS (ESI) m/z 787 [M - Br]+. Despite all efforts, no matching elemental 




Benzimidazolium salt 209 (371 mg, 1.00 mmol, 2.0 equiv.), 
nickel(II) acetate (88 mg, 0.50 mmol, 1.0 equiv.) and TBAB (1.00 g) 
were dried under vaccum at 80 °C for 2 h. Then the temperature was 
brought slowly to 130 °C and maintained constant for 12 h. After this 
time the reaction mixture was allowed to cool to ambient 
temperature. Trituration with water and subsequent filtration gave 
the product as a red solid (351 mg, 0.40 mmoo, 81%, mixture of 
trans-syn and trans-anti rotamers). 1H NMR (500 MHz, CDCl3): δ 
(both rotamers) 7.54–7.45 (m, 2 H, Ar-H), 7.38–7.29 (m, 2 H, Ar-H), 7.24–7.15 (m, 4 H, Ar-H), 
5.59–5.40 (m, 4 H, NCH2), 4.97 (d, 3JH-H = 8 Hz, 4 H, NCH2), 3.49–3.36 (m, 1 H, SCH), 3.30–
3.19 (m, 1 H, SCH), 3.08–2.95 (m, 2 H, CH), 2.89–2.73 (m, 8 H, SCH2, CH2), 1.34–1.29 (m, 12 
H, CH3), 1.27–1.21 (m, 12 H, CH3). 13C{1H} NMR (125 MHz, CDCl3): δ (both rotamers) 184.0, 
183.9 (Ccarbene), 136.3, 136.1, 135.5, 135.4, 122.8, 111.0, 111.0, 110.7, 110.6 (Ar-C), 56.2, 56.1, 
47.8, 47.7 (NCH2), 35.8 (SCH), 30.2, 29.9, 29.5, 28.9, 28.7 (SCH2, CH, CH2), 24.1, 24.1 (CH3), 
21.7, 21.7 (CH3). MS (ESI) m/z 719 [M - Br]+. Despite all efforts, no matching elemental analysis 
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General procedure for the alkylation of pyrazoles with iodoethane. 
The pyrazole was dissolved in iodoethane (2 mL per mmol) and the resulting mixture was heated 
to 90 °C for 3 d. Then, the solvent was removed under reduced pressure. The crude product was 
washed with diethyl ether and dried in vacuo. 
 
General procedure for the alkylation of pyrazoles with trimethyloxonium tetrafluoroborate. 
Trimethyl-oxonium tetrafluoroborate (1.2 equiv.) was suspended in anhydrous dichloromethane 
(6 mL per mmol) under nitrogen atmosphere. The pyrazole was added, and the mixture was 
heated to reflux for 15 h. The solvent was removed in vacuo, the residue taken up in THF, and 
the product was precipitated by addition of diethyl ether, isolated, and dried in vacuo.  
 
General procedure for the preparation of trans-dibromido-(1,3-diisopropylbenzimidazolin-
2-ylidene)(pyrazole)palladium(II) complexes. 
The respective pyrazole (0.10 mmol, 2.0 equiv.) was added to a solution of dimer 30 (47 mg, 
0.05 mmol, 1.0 equiv.) in dichloromethane (4 mL) and the resulting mixture was stirred at 
ambient temperature for 30 min. Then, the solvent was removed under reduced pressure and the 
remaining solid dried in vacuo. 
 
General procedure for the alkylation of pyrazoles with bromoethane. 
The pyrazole was dissolved in bromoethane (2 mL per mmol) and the resulting mixture was 
heated to 45 °C for 3 d. Then, the solvent was removed under reduced pressure. The crude 
product was washed with diethyl ether and dried in vacuo. 
 
General procedure for the direct arylation of pentafluorobenzene. 
A Schlenk tube was charged with precatalyst (3.0 µmol, 0.5 mol%), base (0.66 mmol, 1.1 equiv.) 
and aryl halide (0.60 mmol, 1.0 equiv.) if it was a solid. DMA (2 mL) was added and the vessel 
was evacuated and backfilled with dry nitrogen for three times. Pentafluorobenzene (74 µL, 
0.66 mmol, 1.1 equiv.) and aryl halide (0.60 mmol, 1.0 equiv.), if it was a liquid, were added, and 
the mixture was immersed in a preheated oil bath for 24 h. After cooling to ambient temperature, 
dichloromethane (4 mL) was added, and the resulting suspension was filtered over a short plug of 
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Celite. The solution was concentrated under reduced pressure and the residue was purified by 
column chromatography (silica gel, hexane or hexane/diethyl ether). 
 
General procedure for the catalytic hydroamination of phenylacetylene using Pd catalysts.  
A Schlenk tube was charged with precatalyst (10 µmol, 1.0 mol%) under an atmosphere of dry 
nitrogen. Anhydrous toluene (3 mL) and triflic acid (2.0 µL, 20 µmol, 2.0 mol%) were added and 
the resulting suspension was stirred for 5 min at ambient temperature. Then phenylacetylene 
(219 µl, 2.00 mmol, 2.00 equiv.) and 2,6-dimethylaniline (123 µl, 1.00 mmol, 1.00 equiv.) were 
added, and the Schlenk tube was immersed in an oil bath preheated to 100 °C. The mixture was 
allowed to react for 15 h. After this time, the Schlenk tube was taken out of the oil bath, and the 
suspension was diluted with diethyl ether (10 mL), and decane as an internal standard was added. 
Samples were analyzed by GC-MS. 
 
General procedure for Sonogashira cross-couplings. 
Copper(I) iodide (10 mg, 50 µmol, 5.0 mol%), 4-bromoacetophenone (199 mg, 1.00 mmol, 1.00 
equiv.) and precatalyst (10 µmol, 1.0 mol%) were placed in a Schlenk flask under an atmosphere 
of dry nitrogen. Degassed DMF (2 mL) was added, followed by phenylacteylene (219 µL, 
2.00 mmol, 2.00 equiv.) and triethylamine (166 µL, 1.20 mmol, 1.20 equiv.). The Schlenk tube 
was immeres in an oil bath preheated to 80°C, and the mixture was allowed to react for 3 h. After 
this time, the mixture was allowed to cool to ambient temperature, and dichloromethane (25 mL) 
was added. The solution was extracted with water (3 × 25 mL), dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was analyzed by 1H NMR spectroscopy. 
 
General procedure for the direct arylation of 1-methylpyrrole. 
A Schlenk tube was charged with precatalyst (10 µmol, 1.0 mol%), 4-bromoacetophenone (199 
mg, 1.00 mmol, 1.00 equiv.) and potassium acetate (196 mg, 2.00 mmol, 2.00 equiv.) under an 
atmosphere of dry nitrogen. Degassed dimethyl acetamide (3 mL) was added, followed by 1-
methylpyrrole (266 µL, 3.00 mmol, 3.00 equiv.). The tube was immersed in an oil bath preheated 
to 150 °C, and the mixture was allowed to react for 20 h. After this time, the Schlenk tube was 
taken out of the oil bath, the suspension was diluted with diethyl ether (10 mL) and decane as an 
internal standard was added. Samples were analyzed by GC-MS. 
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General procedure for Hartwig-Buchwald cross-couplings. 
A Schlenk tube was charged with precatalyst (10 µmol, 1.0 mol%) under an atmosphere of dry 
nitrogen. Anhydrous THF (3 mL), bromobenzene (105 µL, 1.00 mmol, 1.00 equiv.) or 
chlorobenzene (102 µL, 1.00 mmol, 1.00 equiv.), pyrrolidine (124 µL, 1.50 mmol, 1.50 equiv.) 
and potassium tert-butoxide (168 mg, 1.50 mmol, 1.50 equiv.) were added, and the mixture was 
immersed into an oil bath preheated to 50 °C for 2 h. After this time, the tube was taken out of 
the oil bath, the reaction mixture was diluted with diethyl ether (10 mL), and decane as an 
internal standard was added. Samples were analyzed by GC-MS. 
 
General procedure for the α-arylation of propiophenone. 
A Schlenk tube was charged with precatalyst (5 µmol, 1.0 mol%) and sodium tert-butoxide 
(53 mg, 0.55 mmol, 1.10 equiv.) under an atmosphere of dry nitrogen. Anhydrous THF (2 mL), 
propiophenone (66 µL, 0.50 mmol, 1.00 equiv.) and bromobenzene (53 µL, 0.50 mmol, 
1.00 equiv.) or chlorobenzene (51 µL, 0.50 mmol, 1.00 equiv.) were added, and the Schlenk tube 
was immersed into an oil bath preheated to 70 °C for 6 h. After this time, the tube was taken out 
of the oil bath, the reaction mixture was diluted with diethyl ether (10 mL). Samples were 
analyzed by GC-MS. 
 
General procedure for the catalytic hydroamination of phenylacetylene using Pt catalysts. 
A Schlenk tube was charged with precatalyst (10 µmol, 1.0 mol%) under an atmosphere of dry 
nitrogen. Anhydrous toluene (3 mL) and – in some cases – silver triflate (5.1 mg, 20 µmol, 2.0 
mol%) were added and the resulting suspension was stirred for 5 min at ambient temperature. 
Then phenylacetylene (219 µL, 2.00 mmol, 2.00 equiv.) and 2,6-dimethylaniline (123 µL, 
1.00 mmol, 1.00 equiv.) were added, and the Schlenk tube was immersed in an oil bath preheated 
to 80 °C. The mixture was allowed to react for 3 h. After this time, the Schlenk tube was taken 
out of the oil bath, the suspension was diluted with diethyl ether (10 mL) and decane as an 
internal standard was added. Samples were analyzed by GC-MS. 
 
General procedure for the catalytic hydrosilylation of styrene. 
A Schlenk tube was charged with precatalyst (20 µmol, 0.5 mol%) under an atmosphere of dry 
nitrogen. Styrene (459 µl, 4.00 mmol, 1.00 equiv.) and bis(trimethylsilyloxy)methylsilane 
7. Experimental Section 
 
 230
(1.20 mL, 4.40 mmol, 1.10 equiv.) were added, and the Schlenk tube was immersed in an oil bath 
preheated to 70 °C. After a reaction time of 5 h, the Schlenk tube was taken out of the oil bath. 
Diethyl ether (10 mL) and decane as an internal standard were added, and samples were analyzed 
by GC-MS. 
 
General procedure for Suzuki-Miyaura cross-couplings. 
A Schlenk tube was charged with precatalyst (10 µmol, 1.0 mol%), triphenylphosphine (5.2 mg, 
20 µmol, 2.0 mol%), phenylboronic acid (158 mg, 1.30 mmol, 1.30 equiv.), potassium phosphate 
hydrate (461 mg, 2.00 mmol, 2.00 equiv.) and the respective bromo- or chloroarene if it was a 
solid (1.00 mmol, 1.00 equiv.) under inert nitrogen atmosphere. Anhydrous toluene (3 mL) was 
added, followed by bromo- or chloroarene if it was a liquid (1.00 mmol, 1.00 equiv.). The 
Schlenk tube was immersed into an oil bath preheated to 70 °C and the mixture was allowed to 
react for two hours. After this time, the Schlenk tube was taken out of the oil bath, the solution 
was diluted with dichloromethane (10 mL), and decane as an internal standard was added. 
Samples were analyzed by GC-MS. 
 
Computational details 
All calculations were carried out with the Gaussian 09 program at the B3LYP level.78,79 For 
geometry optimizations, the nature of all stationary points was confirmed by frequency analysis, 
and all geometries were found to represent minima on the potential energy surface, with the 
exceptions of the titanium complexes 55b-Ti, 55d-Ti, and 56b-Ti, which were found to be 
transition states, and the dications 58bHH and 58dHH, for which fixed bond lengths of 1.420 Å 
between N-2 and N-3 were imposed to prevent cleavage during optimization. 
For the optimization of the singlet and triplet states of the free carbenes 55-58, as well as the 
corresponding mono- and dications, hydrogen, carbon, and nitrogen atoms were described with 
the aug-cc-pVTZ basis set.80 Zero-point-corrected energies for the calculation of relative 
stabilities and singlet-triplet gaps and enthalpies for the calculation of proton affinities were taken 
directly from these calculations. Kohn–Sham orbitals were calculated at the same level of theory 
for the optimized structures. 
The geometries of the transition metal complexes NHC-AuCl and NHC-TiCl4 with NHCs 55-58 
were optimized using the cc-pVDZ basis set for hydrogen, carbon, nitrogen, chlorine, and 
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titanium,80,91 and the Stuttgart-Köln ECP60MDF pseudopotential together with the adapted cc-
pVDZ-PP basis set for the description of gold.92 A CS with the NHC lying in the mirror plane was 
imposed for these geometry optimizations. 
Nucleus-independent chemical shifts (NICS) for the singlet and triplet states of the free carbenes 
55-58 and the corresponding mono- and dications were calculated at the B3LYP/aug-cc-pVTZ 
level using the gauge invariant atomic orbital (GIAO) method with the probe at the ring 
center.217,218 
Natural bond orbital (NBO) analysis was performed at the B3LYP/ aug-cc-pVTZ level of theory 
to obtain a localised form of the wavefunction.219 Natural atomic orbitals (NAOs) were used to 
express natural localised molecular orbitals and obtain molecular charge distribution through 
natural population analysis (NPA). The p-electron population was obtained from the occupancy 
of the ppi NAO.  
An energy decomposition analysis (EDA)[28] of the NHC-transition metal bond was done at the 
BP86 level by using the extended transition state (ETS) scheme with the ADF2012.01 program, 
based on the B3LYP/cc-pVDZ-(PP) geometries.97,220,221 Uncontracted Slater-type orbitals were 
used as basis functions. All elements were described by basis sets of triple-ξ quality augmented 
by two sets of polarisation functions (basis set called TZ2P in ADF).222 Core electrons (1s for 
carbon and nitrogen atoms, [He]2s2p for chlorine and titanium atoms and [Ar]4s4p4d for gold 
atoms) were treated with the frozen-core approximation. Scalar relativistic effects were 
accounted for by applying the zeroth-order regular approximation (ZORA).223 The instantaneous 
interaction energy ∆Eint between NHC and transition metal fragments was decomposed into three 
main components using the equation ∆Eint = ∆Eelstat + ∆EPauli + ∆Eorb. The orbital interaction term 
∆Eorb was further decomposed into components belonging to the irreducible representations of 
the CS point group, i. e. the σ- and pi-contributions according to ∆Eorb = ∆Eσ + ∆Epi. By repeating 
the EDA after deleting the virtual orbitals on either the ligand or the transition metal fragment, 
estimates for pi-donation ∆Epi(LM) and pi-backdonation ∆Epi(ML) were obtained.69e,90,96 
The ETS–NOCV (natural orbitals for chemical valence) scheme was used as an alternative 
approach to investigate the orbital interaction energy ∆Eorb.100 The calculations were executed at 
the BP86/TZ2P level of theory. The orbital interaction term is decomposed into contributions by 
NOCV pairs, which describe charge-transfer channels between the fragments. By visual 
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inspection, these are classified as either donation, backdonation or internal reorganization 
processes. 
For the geometry optimization of trans-syn and trans-anti rotamers of the simplified model of 
nickel(II) complex 233, all elements were described with the cc-pVDZ basis set.80,91b,c,194 Gibbs 
free energies wer taken directly from these calculations. 
The geometry optimization of truncated NHC ligands 243-247 was carried out using a cc-pVDZ 
basis set to describe all elements, and Kohn-Sham orbitals were calculated for the optimised 
structures using the aug-cc-pVTZ basis set.80,91a,208 For the optimization of pincer and 
pseudopincer complex geometries, and the calculation of their Gibbs free energies, palladium and 
bromine were described with a cc-pVDZ-PP basis set in combination with the corresponding 
electronic core potential, and the lighter elements were treated with the cc-pVDZ basis 
set.80,91a,209 
All basis sets were retrieved from the EMSL Basis Set Library.224 
 
X-ray Diffraction Studies. 
X-ray data were collected with a Bruker AXS SMART APEX diffractometer, using Mo Kα 
radiation with the SMART suite of Programs.225 Data were processed and corrected for Lorentz 
and polarization effects with SAINT,226 and for absorption effect with SADABS.227 Structural 
solution and refinement were carried out with the SHELXTL suite of programs.228 The structure 
was solved by direct methods to locate the heavy atoms, followed by difference maps for the light, 
non-hydrogen atoms. All hydrogen atoms were put at calculated positions. All non-hydrogen 
atoms were generally given anisotropic displacement parameters in the final model. A summary 
of selected crystallographic data is given in the appendix, and CIF files are provided on the 
enclosed CD. 
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Appendix (Selected crystallographic data, data collection and refinement parameters) 
 82 84 89·CHCl3 90·CHCl3 
Formula C24H30Br2ON4Pd C24H30Br2N4Pd C25H30Br3Cl3N4Pd C25H30Br2Cl3IN4Pd 
MW (g/mol) 656.75 640.76 839.01 886.00 
crystal size (mm) 0.60 × 0.20 × 0.08 0.50 × 0.30 × 0.06 0.50 × 0.26 × 0.10 0.26 × 0.22 × 0.16 
crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic 
space group Pbca Pbca P2(1)2(1)2(1) P2(1)2(1)2(1) 
a (Å) 9.0465(6) 9.0480(3) 11.706(4) 11.741(2) 
b (Å) 16.5328(10) 16.4781(6) 15.947(5) 15.964(3) 
c (Å) 35.937(2) 35.4180(14) 16.887(6) 16.643(3) 
α (°) 90 90 90 90 
β (°) 90 90 90 90 
γ (°) 90 90 90 90 
V (Å3) 5374.9(6) 5280.6(3) 3152.3(18) 3119.5(10) 
Z 8 8 4 4 
ρcalculated (g/cm3) 1.623 1.612 1.768 1.886 
temperature (K) 223(2) 223(2) 223(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 2.27 to 27.50 1.15 to 27.49 1.76 to 27.50 1.77 to 27.50 
no. of unique reflections 6171 6056 7213 7164 
max. and min. transmission 0.7569, 0.2158 0.8064, 0.2559 0.6526, 0.2037 0.5379, 0.3925 
final R indices [I>2σ(I)] R1 = 0.0697, 
wR2 = 0.1552 
R1 = 0.0647, 
wR2 = 0.1242 
R1 = 0.0538, 
wR2 = 0.1173 
R1 = 0.0360, 
wR2 = 0.0930 
R indices (all data) R1 = 0.0987, 
wR2 = 0.1648 
R1 = 0.0845, 
wR2 = 0.1314 
R1 = 0.0953, 
wR2 = 0.1337 
R1 = 0.0392, 
wR2 = 0.0945 
goodness-of-fit on F2 1.141 1.199 0.943 1.068 
peak/hole (e.Å-3) 2.679 and -1.165 1.107 and -1.129 1.544 and -0.686 1.342 and -1.000 
 




 112 116 117 118·CH2Cl2 
Formula C47H42BClF4N2P2Pd C24H30Br2N4Pd C13H15Br2N3Pd C17H19Br2Cl2N3Pd 
MW (g/mol) 925.43 640.74 479.50 602.47 
crystal size (mm) 0.40 × 0.18 × 0.14 0.60 × 0.26 × 0.08 0.46 × 0.30 × 0.20 0.50 × 0.10 × 0.10 
crystal system Monoclinic Orthorhombic Monoclinic Monoclinic 
space group P2(1)/n Pbca P2(1)/n P2(1)/n 
a (Å) 12.7835(6) 16.426(4) 7.4290(8) 9.2378(8) 
b (Å) 19.6275(8) 9.501(3) 11.2598(12) 17.1028(15) 
c (Å) 17.6761(8) 32.743(9) 18.300(2) 13.6570(12) 
α (°) 90 90 90 90 
β (°) 102.4180(10) 90 98.965(2) 108.2690(10) 
γ (°) 90 90 90 90 
V (Å3) 4331.3(3) 5110(2) 1512.1(3) 2048.9(3) 
Z 4 8 4 4 
ρcalculated (g/cm3) 1.419 1.666 2.106 1.953 
temperature (K) 223(2) 100(2) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 1.57 to 27.50 1.76 to 27.50 2.13 to 27.50 2.38 to 27.50 
no. of unique reflections 9920 5876 3475 4696 
max. and min. transmission 0.9186, 0.7905 0.7470 and 0.2047 0.3563 and 0.1539 0.6310 and 0.1859 
final R indices [I>2σ(I)] R1 = 0.0546, 
wR2 = 0.1234 
R1 = 0.0489, 
wR2 = 0.1238 
R1 = 0.0226, 
wR2 = 0.0490 
R1 = 0.0225, 
wR2 = 0.0532 
R indices (all data) R1 = 0.0775, 
 wR2 = 0.1339 
R1 = 0.0706, 
wR2 = 0.1350 
R1 = 0.0250, 
wR2 = 0.0493 
R1 = 0.0276, 
wR2 = 0.0548 
goodness-of-fit on F2 1.061 1.040 1.708 1.025 
peak/hole (e.Å-3) 0.785 and -0.326 2.038 and -1.412 0.657 and -0.896 0.514 and -0.601 
 




 119·CH2Cl2 121 122 (cocrystal) 124·CH2Cl2 
Formula C30H30Br2Cl3N2PPd C38H48Br2N4Pd C133H182Br8Cl6N12Pd4 C23H26Br2Cl2N4Pd 
MW (g/mol) 828.10 827.02 3226.49 695.60 
crystal size (mm) 0.56 × 0.52 × 0.04 0.38 × 0.30 × 0.08 0.26 × 0.20 × 0.12 0.20 × 0.16 × 0.07 
crystal system Monoclinic Triclinic Triclinic Monoclinic 
space group P2(1)/n P-1 P-1 P2(1)/n 
a (Å) 12.8293(17) 10.359(3) 12.1948(8) 10.1973(10) 
b (Å) 14.4879(19) 12.225(3) 14.1073(9) 15.7552(16) 
c (Å) 17.675(2) 14.926(4) 21.3296(14) 16.6958(17) 
α (°) 90 83.575(5) 76.8260(10) 90 
β (°) 101.964(2) 81.529(5) 84.0540(10) 103.881(2) 
γ (°) 90 83.534(5) 79.2280(10) 90 
V (Å3) 3213.9(7) 1849.0(9) 3502.8(4) 2604.0(5) 
Z 4 2 1 4 
ρcalculated (g/cm3) 1.711 1.485 1.530 1.774 
temperature (K) 100(2) 100(2) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 1.80 to 27.50 2.07 to 27.50 1.96 to 27.50 1.80 to 27.50 
no. of unique reflections 7364 8476 16079 5985 
max. and min. transmission 0.8764 and 0.2528 0.8133 and 0.4275 0.7184 and 0.5141 0.7668 and 0.5013 
final R indices [I>2σ(I)] R1 = 0.0590, 
wR2 = 0.1540 
R1 = 0.0519, 
wR2 = 0.1111 
R1 = 0.0390, 
wR2 = 0.0740 
R1 = 0.0440, 
wR2 = 0.0964 
R indices (all data) R1 = 0.0806, 
wR2 = 0.1685 
R1 = 0.1061, 
wR2 = 0.1276 
R1 = 0.0577, 
wR2 = 0.0773 
R1 = 0.0626, 
wR2 = 0.1038 
goodness-of-fit on F2 1.091 0.952 1.320 1.027 
peak/hole (e.Å-3) 6.500 and -2.160 1.115 and -1.011 1.282 and -0.944 1.397 and -0.711 
 




 134 135·MeCN 136 137 
Formula C12H13Br2N3Pd C17H18Br2Cl0.25N4Pd C28H25Br2N2PPd C32H25F6N2O4PPd 
MW (g/mol) 465.47 553.44 686.69 752.91 
crystal size (mm) 0.30 × 0.14 × 0.10 0.24 × 0.12 × 0.10 0.197 × 0.099 × 0.063 0.36 × 0.24 × 0.10 
crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
space group P2(1)/c P 21/n P 21/n P 21/n 
a (Å) 9.4099(17) 13.4325(6) 10.6153(8) 10.7241(8) 
b (Å) 12.173(3) 10.2745(4) 16.6679(12) 16.5483(9) 
c (Å) 12.280(2) 13.8594(6) 14.6369(12) 17.6106(12) 
α (°) 90 90 90 90 
β (°) 90.10(2) 98.377(2) 100.457(3) 96.812(2) 
γ (°) 90 90 90 90 
V (Å3) 1406.6(5) 1892.36(14) 2546.8(3) 3103.2(4) 
Z 4 4 4 2 
ρcalculated (g/cm3) 2.198 1.943 1.791 1.612 
temperature (K) 100(2) 100(2) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 2.36 to 27.46 2.284 to 27.498 2.302 to 25.370 2.274 to 25.350 
no. of unique reflections 4429 4337 4666 5669 
max. and min. transmission 0.5418 and 0.2284 0.7457 and 0.5798 0.7452 and 0.6851 0.7457 and 0.6721 
final R indices [I>2σ(I)] R1 = 0.0243, 
wR2 = 0.0573 
R1 = 0.0291, 
wR2 = 0.0663 
R1 = 0.0369, 
wR2 = 0.0627 
R1 = 0.0446, 
wR2 = 0.0953 
R indices (all data) R1 = 0.0278, 
wR2 = 0.0573 
R1 = 0.0372, 
wR2 = 0.0693 
R1 = 0.0672, 
wR2 = 0.0701 
R1 = 0.0653, 
wR2 = 0.1018 
goodness-of-fit on F2 1.054 1.048 1.011 1.029 
peak/hole (e.Å-3) 0.863 and -0.336 2.257 and -1.398 0.835 and -0.579 0.993 and -0.716 
 




 2 140'·3 MeCN 159·HBr·2 CHCl3 160 161 
Formula C40H40.50Br2N3.50P2Pd C29H52Br3Cl6N4Pd C27H50Br2N4Pd C19H30Br2N4O2Pd 
MW (g/mol) 898.42 1015.57 696.93 612.69 
crystal size (mm) 0.450 × 0.240 × 0.120 0.22 × 0.12 × 0.11 0.560 × 0.120 × 0.100 0.460 × 0.360 × 0.200 
crystal system Monoclinic Triclinic Monoclinic Monoclinic 
space group P 21/n P -1 P 21/n P 21/n 
a (Å) 16.9962(10) 12.4203(9) 9.813(3) 10.5073(12) 
b (Å) 14.4727(10) 12.4948(9) 13.609(4) 12.8755(14) 
c (Å) 30.934(2) 14.5961(11) 23.352(6) 17.273(2) 
α (°) 90 82.908(3) 90 90 
β (°) 96.906(2) 72.160(2) 96.238(6) 107.541(2) 
γ (°) 90 71.533(3) 90 90 
V (Å3) 7553.9(9) 2044.3(3) 3100.1(14) 2228.2(5) 
Z 8 2 4 4 
ρcalculated (g/cm3) 1.580 1.650 1.493 1.826 
temperature (K) 100(2) 100(2) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 2.193 to 28.282 2.092 to 25.024 1.735 to 27.494 2.008 to 27.496 
no. of unique reflections 18743 7172 7116 5114 
max. and min. transmission 0.7457 and 0.6580 0.7457 and 0.5973 0.7456 and 0.5023 0.7457 and 0.6299 
final R indices [I>2σ(I)] R1 = 0.0558, 
wR2 = 0.1238 
R1 = 0.0513, 
wR2 = 0.1348 
R1 = 0.0437, 
wR2 = 0.1064 
R1 = 0.0225, 
wR2 = 0.0545 
R indices (all data) R1 = 0.0889, 
wR2 = 0.1369 
R1 = 0.0718, 
wR2 = 0.1477 
R1 = 0.0717, 
wR2 = 0.1156 
R1 = 0.0253, 
wR2 = 0.0556 
goodness-of-fit on F2 1.048 1.076 1.064 1.040 
peak/hole (e.Å-3) 2.944 and -2.419 1.544 and -2.421 1.332 and -1.075 0.580 and -0.422 
 




 188 190 211 212 
Formula C27H36Br2N4Pd C16H21Br2N3Pd C19H22 Br2N2PtS C16H24Br2N2PtS 
MW (g/mol) 682.82 521.58 665.36 631.34 
crystal size (mm) 0.340 × 0.270 × 0.100 0.120 × 0.260 × 0.460 0.44 × 0.16 × 0.02 0.38 × 0.26 × 0.16 
crystal system Orthorhombic Monoclinic Monoclinic Monoclinic 
space group P212121 P 21/c Cc P2(1)/n 
a (Å) 8.6448(4) 14.328(4) 24.808(3) 10.0593(5) 
b (Å) 9.4399(4) 8.534(3) 7.8191(11) 13.9747(7) 
c (Å) 34.1094(12) 15.731(5) 11.2324(15) 14.2926(8) 
α (°) 90 90 90 90 
β (°) 90 111.507(5) 114.943(2) 110.1410(10) 
γ (°) 90 90 90 90 
V (Å3) 2783.5(2) 1789.58 1975.6(5) 1886.33(17) 
Z 4 4 4 4 
ρcalculated (g/cm3) 1.629 1.936 2.237  2.223 
temperature (K) 100(2) 100(2) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 2.388 to 28.313 1.53 to 28.45 2.76 to 27.49 2.10 to 27.50 
no. of unique reflections 6892 4483 3974 4315 
max. and min. transmission 0.7457 and 0.5548 0.7457 and 0.5599 0.8062 and 0.0830 0.2543 and 0.0942 
final R indices [I>2σ(I)] R1 = 0.0288, 
wR2 = 0.0551 
R1 = 0.0429, 
wR2 = 0.0899 
R1 = 0.0331,  
wR2 = 0.0788 
R1 = 0.0310, 
wR2 = 0.0773 
R indices (all data) R1 = 0.0352, 
wR2 = 0.0563 
R1 = 0.0594, 
wR2 = 0.0991 
R1 = 0.0345, 
wR2 = 0.0794 
R1 = 0.0349, 
wR2 = 0.0788 
goodness-of-fit on F2 1.027 1.042 1.030 1.048 
peak/hole (e.Å-3) 1.121 and -0.392 1.411 and -0.910 2.220 and -1.484 1.894 and -1.886 
 




 213·MeCN 214 215·0.5 CH2Cl2 216 
Formula C27H29Br2N3PtS C20H24Br2N2PtS C17.5H27Br2ClN2PtS C26H28Br2N2PtS 
MW (g/mol) 782.50 679.38 687.83 755.47 
crystal size (mm) 0.23 × 0.22 × 0.02 0.46 × 0.26 × 0.10 0.38 × 0.25 × 0.17 0.35 × 0.10 × 0.04 
crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
space group P2(1)/c P2(1)/c P2(1)/c P2(1)/n 
a (Å) 15.1236(10) 11.0917(15) 9.5460(13) 11.770(3) 
b (Å) 11.4199(8) 16.445(2) 12.5982(17) 7.9153(18) 
c (Å) 16.7775(11) 11.7723(16) 18.517(3) 27.695(6) 
α (°) 90 90 90 90 
β (°) 113.3190(10) 93.702(3) 97.310(3) 97.538(6) 
γ (°) 90 90 90 90 
V (Å3) 2660.9(3) 2142.8(5) 2208.8(5) 2557.9(10) 
Z 4 4 4 4 
ρcalculated (g/cm3) 1.953 2.106 2.068 1.962 
temperature (K) 100(2) 100(2) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 2.22 to 27.50 1.84 to 27.50 2.15 to 27.50 1.48 to 27.50 
no. of unique reflections 6111 4930 5075 5873 
max. and min. transmission 0.8504 and 0.2489 0.5629 and 0.4259 0.2762 and 0.1128 0.7221 and 0.1505 
final R indices [I>2σ(I)] R1 = 0.0388, 
wR2 = 0.0744 
R1 = 0.0314, 
wR2 = 0.0751 
R1 = 0.0627, 
wR2 = 0.1230 
R1 = 0.0360, 
wR2 = 0.0809 
R indices (all data) R1 = 0.0504, 
wR2 = 0.0787 
R1 = 0.0391, 
wR2 = 0.0870 
R1 = 0.0720, 
wR2 = 0.1264 
R1 = 0.0483, 
wR2 = 0.0944 
goodness-of-fit on F2 0.971 1.088 1.229 1.079 
peak/hole (e.Å-3) 1.840 and -1.129 2.278 and -1.076 2.056 and -3.482 1.916 and -1.171 
 




 221 222 223·C7H8 226 
Formula C19H22Br2N2PdS C32H48Br4N4Pd2S2 C64H68Br4N4Pd2S2 C26H28Br2N2PdS 
MW (g/mol) 576.67 1085.30 1489.78 666.78 
crystal size (mm) 0.52 × 0.10 × 0.09 0.10 × 0.06 × 0.02 0.20 × 0.13 × 0.12 0.46 × 0.36 × 0.20 
crystal system Orthorhombic Monoclinic Triclinic Monoclinic 
space group P2(1)2(1)2(1) P2(1)/n P-1 Cc 
a (Å) 8.8914(15) 11.5261(8) 8.9485(4) 15.038(3) 
b (Å) 14.057(2) 36.043(3) 11.9417(6) 11.540(2) 
c (Å) 16.137(3) 14.1629(9) 14.7246(7) 16.353(4) 
α (°) 90 90 91.2520(10) 90 
β (°) 90 102.121(2) 94.0830(10) 117.039(3) 
γ (°) 90 90 101.6050(10) 90 
V (Å3) 2017.0(6) 5752.7(7) 1536.34(13) 2527.8(10) 
Z 4 6 1 4 
ρcalculated (g/cm3) 1.899 1.880 1.610 1.752 
temperature (K) 100(2) 100(2) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 2.52 to 27.49 1.13 to 25.00 1.74 to 27.50 2.33 to 27.50 
no. of unique reflections 4626 10121 7047 4421 
max. and min. transmission 0.6623 and 0.1812 0.5629 and 0.4618 0.5629 and 0.4603 0.5021 and 0.2608 
final R indices [I>2σ(I)] R1 = 0.0253, 
wR2 = 0.0533 
R1 = 0.0716, 
wR2 = 0.1338 
R1 = 0.0318, 
wR2 = 0.0712 
R1 = 0.0331, 
wR2 = 0.0643 
R indices (all data) R1 = 0.0279, 
wR2 = 0.0539 
R1 = 0.1345, 
wR2 = 0.1576 
R1 = 0.0394, 
wR2 = 0.0738 
R1 = 0.0427, 
wR2 = 0.0696 
goodness-of-fit on F2 0.988 0.995 1.030 0.985 
peak/hole (e.Å-3) 0.767 and -0.428 3.538 and -1.763 0.828 and -0.442 0.824 and -0.568 
 




 227 228 229·1.5 CH2Cl2 230 
Formula C32H40Br2N4PdS C29H42Br2N4PdS C39.5H47Br2Cl3N4PdS C33H42Br2N4PdS 
MW (g/mol) 778.96 744.94 982.44 792.98 
crystal size (mm) 0.46 × 0.26 × 0.10 0.26 × 0.18 × 0.02 0.50 × 0.20 × 0.10 0.56 × 0.40 × 0.10 
crystal system Triclinic Triclinic Monoclinic Monoclinic 
space group P-1 P-1 P 21/n P 21/n 
a (Å) 10.844(13) 9.026(7) 9.299(4) 10.924(5) 
b (Å) 13.184(15) 9.594(8) 33.216(15) 23.550(10) 
c (Å) 13.233(16) 19.802(17) 13.877(6) 12.900(5) 
α (°) 78.09(2) 89.396(18) 90 90 
β (°) 70.73(2) 78.969(19) 102.034(11) 95.699(9) 
γ (°) 65.88(2) 70.357(18) 90 90 
V (Å3) 1624(3) 1582(2) 4192(3) 3302(2) 
Z 2 2 4 4 
ρcalculated (g/cm3) 1.593 1.563 1.557 1.595 
temperature (K) 100(2) 100(2) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
θ (°) 1.70 to 27.50 2.10 to 27.59 1.23 to 27.50 1.81 to 27.50 
no. of unique reflections 7423 7247 9594 7572 
max. and min. transmission 0.7456 and 0.6149 0.7456 and 0.5853 0.7456 and 0.5449 0.7898 and 0.5117 
final R indices [I>2σ(I)] R1 = 0.0564, 
wR2 = 0.1435 
R1 = 0.0903, 
wR2 = 0.1676 
R1 = 0.0569, 
wR2 = 0.1346 
R1 = 0.0447, 
wR2 = 0.1106 
R indices (all data) R1 = 0.0805, 
wR2 = 0.1549 
R1 = 0.1356, 
wR2 = 0.1874 
R1 = 0.0912, 
wR2 = 0.1508 
R1 = 0.0639, 
wR2 = 0.1206 
goodness-of-fit on F2 1.092 1.096 1.051 1.050 





 232 233 
Formula C39H46Br2N4PdS C38H44Br2N4NiS2 
MW (g/mol) 869.08 839.42 
crystal size (mm) 0.20 × 0.12 × 0.07 0.48 × 0.31 × 0.28 
crystal system Monoclinic Monoclinic 
space group P 21/n P2(1)/c 
a (Å) 9.4352 10.682(3) 
b (Å) 20.7414(16) 18.283(5) 
c (Å) 19.2349(14) 9.480(3) 
α (°) 90 90 
β (°) 94.539(2) 91.825(6) 
γ (°) 90 90 
V (Å3) 3752.4(5) 1850.6(8) 
Z 4 2 
ρcalculated (g/cm3) 1.538 1.506 
temperature (K) 100(2) 100(2) 
wavelength (Å) 0.71073 0.71073 
θ (°) 2.23 to 25.72 2.21 to 27.50 
no. of unique reflections 7081 4243 
max. and min. transmission 0.5621 and 0.4648 0.5629 and 0.4232 
final R indices [I>2σ(I)] R1 = 0.0387, 
wR2 = 0.0750 
R1 = 0.0724, 
wR2 = 0.2133 
R indices (all data) R1 = 0.0707, 
wR2 = 0.0850 
R1 = 0.1079, 
wR2 = 0.2390 
goodness-of-fit on F2 1.019 1.106 
peak/hole (e.Å-3) 1.208 and -1.305 1.863 and -1.315 
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